Supramolecular complexes of wedge shaped sulfonic acid molecules with polybases by Li, Lei
Supramolecular Complexes of Wedge-Shaped
Sulfonic Acid Molecules with Polybases
Von der Fakulta¨t fu¨r Mathematik, Informatik und Naturwissenschaften der
RWTH Aachen University zur Erlangung des akademischen Grades einer
Doktorin der Naturwissenschaften genehmigte Dissertation
vorgelegt von
LEI LI, M. Ing.
aus Shandong, Volksrepublik China
Berichter: Universita¨tsprofessor Dr. rer. nat. Martin Mo¨ller
Universita¨tsprofessor Dr. rer. nat. Walter Richtering
Tag der mu¨ndlichen Pru¨fung: 13. 11. 2012
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfu¨gbar.

Die vorliegende Arbeit wurde in der Zeit von 09. 2009 bis 09. 2012 am
Lehrstuhl fu¨r Makromolekulare Chemie der Rheinisch-Westfa¨lischen Technis-
chen Hochschule Aachen angefertigt. Herr Prof. Dr. Martin Mo¨ller danke ich
fu¨r die U¨bernahme der wissenschaftlichen Betreuung dieser Promotionsarbeit.
Fu¨r die freundliche U¨bernahme des Korreferats danke ich Herr Prof. Dr. Walter
Richtering.
i
ii
To my parents
iii
iv
List of Publications
1 Li, L.; Rosenthal, M.; Zhang, H.; Hernandez, J, J.; Drechsler,
M.; Phan, H, K.; Ru¨tten, S; Zhu, X.; Ivanov, A. D.; Mo¨ller, M.
Angew. Chem. Int. Ed. 2012, 51, 11616-11619.
2 Li, L.; Cheng, C.; Schu¨rings, P. M.; Zhu, X.; Pich, A. Polymer 2012,
53, 3117-3123.
3 Li, L.; Rosenthal, M.; Zhu, X.; Ivanov, A. D.; Mo¨ller, M. PMSE. Prepr.
2012.
4 Li, L.; Cheng, C.; Zhu, X.; Pich, A.; Mo¨ller, M. EPF . 2011, Granada,
Spain.
v
vi
Summary
This dissertation describes the synthesis and self-organization of supramolec-
ular complexes of amphiphilic wedge-shaped sulfonic acid molecules and poly-
bases in different environments as well as attempts to achieve template-to-
template synthesis using these complexes. In Chapter 2 the stiffening of poly-
mer backbone upon neutralization with wedge-shaped sulfonic acid is clearly
demonstrated by a steady increase of radius of gyration and hydrodynamic
radius. The Kuhn segment lengths of the complexes are calculated using a
wormlike chain model. By comparing the Kuhn length and the diameter of
the complexes it seems that the steric effect alone can hardly induce a ly-
otropic liquid crystalline phase in the case of polymer/wedge-shaped sulfonic
acid molecules systems. In Chapter 3, a series of wedge-shaped sulfonic acid
molecules with different lengths of alkyl chains are employed to form complexes
with complexes with poly(N-vinylcaprolactam-co-acetoacetylethylmethacryl-
co-vinylimidazole) (PVCL/AAM/VIm) microgels. The modified microgels can
retain their colloidal stability in water, while their size and environmental sen-
sitivity are influenced by the alkyl chain length. Further, in loading and in vitro
releasing experiments with dexamethasone, the modified microgels exhibit a
larger loading capacity and a lower release rate than the unmodified ones.
Chapter 4 describes the structure of complexes of poly(butadiene)-b-poly(2-
vinyl pyridine)-b-poly(tert-butyl methacrylate) (B3.9V1.0T
136
2.1 ) terpolymer and
a diazo-containing wedge-shaped sulfonic acid molecule in thin films by means
of scanning force microscopy (SFM). The microphase separation is effectively
tuned by complexation so that the structures show a clear dependence on de-
gree of neutralization (DN). The aim of Chapter 5 is to study whether a helical
structure can be induced in the columnar mesophase of complexes of wedge-
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shaped sulfonic acid molecules and polybases. For this purpose we synthesized
a new wedge shaped sulfonic acid molecule containing chiral alkyl chains and
its complexes with linear poly(ethyleneimine) (PEI). These complexes exhibit
a columnar structure at DN above 0.50, and there is a hint that these columns
have a helical structure with a small helical pitch that is close to the resolution
limit.
In order to accomplish a template polymerization, polymerizable di-
acetylene (DA) and acrylate groups are introduced into the tails of
wedge-shaped molecules. Chapter 6 deals with the structure analysis of
a DA-containing wedge-shaped molecule methyl 3,5-bis(trideca-2,4-diyn-1-
yloxyl)benzoate (DDABM), which can be polymerized under UV-irradiation.
The crystalline structure of DDABM is investigated with grazing-incidence
wide-angle X-ray diffraction (GIWAXD) using oriented films deposited on
PTFE-rubbed silicon wafer substrates. Furthermore, the spherulites formed
in thicker films is also analysed by wide-angle X-ray diffraction (WAXD). It is
found that the DA units are oriented along a defined lattice direction with a
packing period of 4.85 A˚, which fulfils the requirements for the topochemical
polymerization. The UV-polymerization does not affect the phase behaviour of
the compound, but alters the optical properties and melt viscosity. After hy-
drolysis of DDABM 3,5-bis(trideca-2,4-diyn-1-yloxyl)benzoic acid (DDABA)
was obtained that could form a monotropic columnar mesophase. In Chapter
7 topochemical polymerization of DDABA in the mesophase is described. The
polymerized compound exhibits a broader temperature range of the mesophase
and a significant change of the lattice parameter of the crystalline phase in con-
trast to the non-polymerized one. Furthermore, a helix-like columnar structure
forms after UV polymerization. In Chapter 8 we aim to use self-organization
mechanism of wedge-shaped amphiphilic sulfonic acid molecules and polybases
to prepare functional nanoobjects with defined dimensions and to accomplish
a template-to-template synthesis, enabling replication of the molecular weight.
Therefore, a series of supramolecular complexes of poly(2-vinylpyridine) and a
new wedge-shaped sulfonic acid molecule with two DA-containing tails 2-[3,5-
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bis(trideca-2,4-diyn-1-yloxy)benzamido]-ethanesulfonic acid, were synthesized.
All the complexes exhibit a hexagonal columnar structure. This structure can
be stabilized by intracolumnar polymerization in the mesophase. Finally it is
attempted to remove the templating polymer chains by acid treatment and to
polymerize vinylpyridine molecules in the hollow complex columns. Chapter
9 reports a novel concept of vesicle fabrication based on non-stoichiometric
complexation of a polybase with a wedge-shaped amphiphilic sulfonic acid
molecules. In contrast to conventional polymersomes, the polymer backbones
here are largely parallel to the vesicle walls, which can contribute to their
mechanical stability. The vesicles can collapse under UV-irradiation due to
trans-to-cis isomerization of the azo-containing ligand, making this system
promising for the controlled delivery applications. In Chapter 10 in order to
test the template polymerization in solutions a wedge-shaped sulfonic acid
molecule containing shelled acryloyl groups and its stoichiometric complexes
with poly(4-vinylpyridine) of different molecular weights were synthesized. As
shown in SFM the complex with the contour length that is close to the Kuhn
length forms short rods, while a coil-like conformation is observed when the
length of the complex exceeded significantly the Kuhn length. The photopoly-
merization of the complexes can be performed in n-hexane, at the same time
the polymer coils in the solution will be fixed by the polymerization of the
ligands. However, the size of the polymerized complexes is much larger than
the theoretically calculated coil size of poly(4-vinylpyridine), indicating that
not only intracomplex but also intercomplex polymerization takes place.
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Zusammenfassung
In dieser Dissertation wird die Synthese und Selbstorganisation von
supramolekularen Komplexen von amphiphilen keilfo¨rmige Sulfonsa¨ure und
Polybasen in verschiedenen Umgebungen sowie, die Versuche zur Erreichung
der Template-Polymerisation mit diesen Komplexen beschrieben. In Kapi-
tel 2 wird die Versteifung des Polymer Ru¨ckgrats bei Neutralisation mit
keilfo¨rmigen Sulfonsa¨ure eindeutig durch eine stetige Zunahme des Tra¨gheit-
sradius und des hydrodynamischen Radius demonstriert. Die Kuhn Seg-
mentla¨ngen der Komplexe werden unter Verwendung der “wormlike Chain-
Modell” berechnet. Durch Vergleich der Kuhn-La¨nge und des Durchmessers
der komplexen Makromoleku¨le scheint es, dass der sterische Effekt im Fall
von Polymer/keilfo¨rmigen Sulfonsa¨ure Systemen allein kaum eine lyotrope
flu¨ssigkristalline Phase induziert. In Kapitel 3, wird eine Reihe von keilfo¨rmi-
gen Sulfonsa¨ure mit verschiedenen La¨ngen der Alkylketten eingesetzt, um
Komplexe mit Poly (N-Vinylcaprolactam-co-acetoacetylethylmethacrylate-co-
vinylimidazol) Mikrogele zu bilden. Die modifizierten Mikrogele, die hy-
drophobe Nanodoma¨nen in ihrem Inneren enthalten, ko¨nnten ihre kolloidale
Stabilita¨t in Wasser behalten. Die Gro¨βe und die o¨kologische Empfindlichkeit
werden von der Alkylkettenla¨nge beeinflusst. In Freisetzungsversuchen mit
Dexamethason zeigten die modifizierten Mikrogele eine ho¨here Beladungska-
pazita¨t und eine niedrigere Freisetzungsrate als nicht modifizierte Mikro-
gele. Der Freisetzungsmechanismus blieb bei den unmodifizeiten Mikrogelen
nahezu unvera¨ndert. Kapitel 4 beschreibt die Untersuchungen einer Reihe
von Komplexen aus poly(butadiene)-b-poly(2-vinyl pyridin)-b-poly(tert-butyl
methacrylate) (B3.9V1.0T
136
2.1 ) Dreiblock-Copolymeren und einer Diazo-haltigen
keilfo¨rmigen Sulfonsa¨ure in du¨nnen Filmen mittels Rasterkraftmikroskopie Mi-
xi
kroskopie (SFM). Die Mikrophasenseparation wurde durch Komplexierung
so abgestimmt, dass die Strukturen der Filme deutlich von dem DN-Wert
abha¨ngen. Das Ziel der Kapitel 5 ist zu untersuchen, ob eine helikale Struktur
in der sa¨ulenfo¨rmigen Mesophase in vershiedenen Komplexen aus keilfo¨rmi-
gen Sulfonsa¨ure Moleku¨le und Polybasen induziert werden kann. Zu diesem
Zweck haben wir eine neue keilfo¨rmigen Sulfonsa¨ure mit chiralen Alkylketten
und Komplexe aus dieser Sulfonsa¨ure und linearem Poly (ethylenimin) syn-
thetisiert. Die Polymer-Komplexe zeigten einer sa¨ulenartigen Morphologie bei
DN u¨ber 0,50. Des Weiteren zeigen die Spalten eine helikale Struktur mit einer
kleinen Tonho¨he.
Um eine Template-Polymerisation zu erreichen, wurden polymerisierbare
Diacetylene (DA) oder Acrylate-Gruppen in den keilfo¨rmigen Moleku¨len einge-
baut. Kapitel 6 beschreibt die Strukturanalyse eines keilfo¨rmigen Moleku¨ls
Methyl 3,5-bis (trideca-2,4-diyn-1-yloxyl) benzoat (DDABM) mit zwei DA-
Gruppen. Die DDABM kann mit Hilfe der UV-Bestrahlung polymerisier wer-
den. Fu¨r die Analyse der Kristalline-Struktur von diesem DDABM mittels
Weitwinkelro¨ntgenbeugung unter streifendem Einfall wurde des Sample auf
den Siliziumwafer mit einer PTFE-Beschichtung aufgetragen. Weiterhin wer-
den die Spha¨rulite in dickeren Filmen gebildet und durch Weitwinkelro¨ntgen-
beugung analysiert. Es wird beobacht, dass die DA-Einheiten entlang einer
definierten Gitterrichtung mit einer Packungsperiode von 4,85 A˚. Dies erfu¨llt
die Anforderung einer topochemische Polymerisation. Die UV-Polymerisation
hat keinen beeinfluss auf das Phasenverhalten der Verbindung, aber kann
die optischen Eigenschaften und Schmelzviskosita¨t a¨ndern. Nach Hydrolyse
von DDABM wird 3,5-bis (trideca-2,4-diyn-1-yloxyl)-benzoesa¨ure (DDABA)
erhalten, das eine monotrope sa¨ulenfo¨rmige Mesophase bildet. In Kapi-
tel 7 beschreiben wir die topochemische Polymerisation von DDABA in der
Mesophase. Die polymerisierte Verbindung zeigt einen breiteren Temper-
aturbereich der Mesophase und eine signifikante A¨nderung der Gitterparame-
ter der kristallinen Phase im Vergleich zu der nicht-polymerisierten an. Weit-
erhin wird nach der Polymerisation eine helixartige Sa¨ulenstruktur gebildet.
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In Kapitel 8 wollen wir den Selbstorganisationsmechanismus der keilfo¨rmigen
amphiphilen Sulfonsa¨uremoleku¨le und Polybasen verwenden, um funktionale
Nanoobjekte mit definierten Abmessungen herzustellen und eine Templat-to-
Templatsynthese mit Replikation des Molekulargewichts zu erreichen. Dazu
wird eine Reihe von supramolekularen Komplexen aus Poly (2-vinylpyridin)
und der neuen keilfo¨rmigen Sulfonsa¨ureverbindung mit zwei DA-Gruppen, 2-
[3,5-bis (trideca-2,4-diyn-1-yloxy) benzamido]-ethansulfonsa¨ure, synthetisiert.
Diese Komplexe zeigen eine hexagonal columnare Struktur. Die intra-
columnare Polymerisation kann mittels UV-Bestrahlung in der Mesophase
durchgefu¨hrt werden. Schlieβlich wird versucht, die Templat-Polymerketten
durch Sa¨urebehandlung zu entfernen und Vinylpyridin Moleku¨le in den hohlen
Sa¨ulenkomplexen zu polymerisieren. Kapitel 9 berichtet u¨ber ein neuartiges
Konzept der Vesikelherstellung durch nichtsto¨chiometrische Komplexierung
einer Polybase mit einem amphiphilen keilfo¨rmigen Sulfonsa¨uremoleku¨l. Im
Gegensatz zu herko¨mmlichen Polymersomen liegen die Polymergeru¨ste hier
weitgehend parallel zu den Vesikelwa¨nden, was zu ihrer mechanischen Sta-
bilita¨t beitragen kann. Die Vesikel ko¨nnen unter UV-Bestrahlung durch die
trans-cis Isomerisierung des Azogruppen enthaltenden Liganden kollabieren,
wodurch dieses System vielversprechende Mo¨glichkeiten zur kontrollierten Ab-
gabe von Anwendungen bietet. Um die Templatpolymerisation in Lo¨sung zu
testen, werden wie in Kapitel 10 beschrieben, eine keilfo¨rmige Sulfonsa¨ure-
verbindung mit Acryloylgruppen und ihre sto¨chiometrischen Komplexe mit
Poly(4-vinylpyridin) von unterschiedlichem Molekulargewicht synthetisiert.
Wie mittels SFM gezeigt, bildet der Komplex mit einer Konturla¨nge, die
anna¨hernd der Kuhn-La¨nge entspricht, kurze Sta¨bchen, wa¨hrend eine Spu-
lenkonformation beobachtet wird, wenn die La¨nge des Komplexes die Kuhn-
La¨nge deutlich u¨bertrifft. Die in n-Hexan photo-polymerisierten Komplexe
werden aus den Lo¨sungen ausgefa¨llt; sie ko¨nnen in Chloroform gelo¨st werden,
wenn die Konzentration des Komplexes bei der Polymerisation hinreichend
niedrig ist. Es scheint, dass die Spulen in der Polymer-Lo¨sung durch die Poly-
merisation der Liganden fixiert werden. Jedoch sind die polymerisierten Kom-
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plexe viel gro¨βer als es der theoretisch berechneten Spulengro¨βe von Poly (4-
vinylpyridin) entspricht. Dies deutet darauf hin, dass nicht nur intrakomplexe,
sondern auch interkomplexe Polymerisation stattgefunden hat.
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1Introduction
“A complex system is a system with a large number of elements, building blocks,
or agents, capable of exchanging stimuli with one another and with their en-
vironment. The interaction between elements may occur only with immediate
neighbors or with distant ones; the agents can be all identical or different; they
may move in space or occupy fixed positions, and can be in one state or multiple
states. The common characteristic of all complex systems is that they display
organization without any external organizing principle being applied. Complex
systems cannot be understood by studying parts in isolation. It must be analyzed
as a whole· · · · · · ”
—Julio.M.Ottino [1]
1
1 Introduction
1.1 Supramolecular self-organization of wedge-
shaped molecules
We learn continuously from nature to design new materials. After millions of
years of evolution, nature has created uncountable perfect biological objects with
defined dimensions and functions. Self-assembly is one of the most important
mechanisms in Nature, and the concept on self-assembly was firstly brought for-
ward based on a peradventure from Nature: how were primordial cells created
from relatively simple building blocks when these “cells” did not contain the nec-
essary machinery, catalytic, genetic, or otherwise, to direct their own synthesis? [2]
Wald raised the possibility that the building block molecules could contain all the
necessary information to recognize and interact with other appropriate molecules,
and then spontaneously assemble into an intact cell. [3] Self-assembly has now been
recognized to be a crucial component in the molecular events that comprised the
evolution of life and an essential participant in the biosynthesis of contemporary
biological system on the one hand, [4] and on the other hand it is considered in
modern science as a powerful tool for producing functional materials. [5–9]
Self-assembly can be defined as a highly convergent synthesis protocol in
the synthetic chemistry that is exclusively driven by noncovalent interactions,
such as ionic interaction, coordination interaction, hydrogen bonding, or van der
Waals force, which are wholly responsible for preserving the structural integrity
of the end product. [10] Organic crystalline and liquid-crystalline phases can be
considered as the ultimate supermolecules assembled from individual molecules
via weak intermolecular interactions. [11] It is however a big challenge to design
a supramolecular system with a finite growth in the nanometre scale in differ-
ent dimensions. A well-known example is wedge-shaped amphiphilic molecules
with a polar head at the tip of the wedge and a large nonpolar body. This kind
of molecules can act as “bricks” for the construction of different nanoobjects,
e.g. lamellae, cylinders and spheres, which can in turn form lamellar, columnar
and cubic meosphase. [12] In this case, molecular shape control through genera-
tion number can be used to manipulate the mechanism of self-assembly (Figure
1.1). The phenomenon of increasing molecular taper angle with generation and
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subsequent transition of columnar to spherical self-assembly was experimentally
demonstrated through a library of (4-(3,4,5)n)12Gn-X wedge-shaped molecules
(n stands for the generation number) or dendrons. [13–18](4-3,4,5)12G1-COOH has
a wedge (or tapered) shape that occupies a quarter-disk as it self-assembles into
supramolecular columns that self-organize into a hexagonal columnar (Colh) lat-
tice. (4-(3,4,5)2)12G2-COOH/CO2CH3 occupies a half-disk, and it forms a Colh
mesophase as well.
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Figure 1.1: Periodic and quasiperiodic arrays formed via the self-assembly and
self-organization of wedge-shaped amphiphilic molecules.
However, (4-(3,4,5)3)12G3-CO2CH3 cannot assume a wedge-like conformation
and, thus, distorts into a conical conformation. The conical segments occupy
one-sixth of a sphere and self-organize into a cubic lattice. In this case, molecular
taper angle R, and the projection of the solid angle R’, are the primary deter-
minants of the mechanism of self-assembly and related structural parameters. [19]
The molecular taper angle can be modulated by changes in structure such as
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increased branching or increasing the apex volume through the use of different
end groups. In addition to structural factors, temperature can also modulate ta-
per angle. Increasing the temperature induces expansion of the molecular taper
angle. Rather than increase the size of the self-assembled objects, excess wedge-
shaped molecules are most likely excluded from their parent structures and form
new ones, assuming that the density is independent of temperature. [20] This pro-
cess represents a primitive self-replication process and results in diminished object
size with increasing temperature or with thermotropic conversion from columns to
spheres with increasing temperature. Further, a generational approach, wherein a
specific G1 periphery dendron (3,4)G1, (3,4,5)12G1, (4-3,4,5)12G1, or (4-3,4)12G1
is also iteratively attached to a repeated AB2 or AB3 branching unit. What is
perhaps most striking about the generational libraries is that, despite the high
diversity of connective sequences, a relatively small number of supramolecular
structures are observed, i.e. columns and spheres. Therefore, the self-assembly
of the wedge-shaped amphiphilic molecules is a versatile approach towards the
formation of well-defined supramolecular structures.
R
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SO3M R
R
SO3M
R
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R
R
COO N=N SO3M
Figure 1.2: Chemical structures of wedge-shaped sulfonate molecules and their
self-organization into supramolecular cylinders.
In the previous years, our group have developed a new class of wedge-shaped
amphiphilic sulfonate molecules with a sulfonate group at the tip of the wedge,
which are able to self-assemble into into well-defined cylindrical supramolec-
ular structure with ionic groups confined in the centre of the cylinders. [21–24]
These molecules can form thermotropic and lyotropic hexagonal columnar (Colh)
mesophases, at the same time they also can cause a reversible gelation of certain
organic solvents. The wedge-shaped sulfonic acid molecules can also be used to
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prepare supramolecular complexes with different polybases via acid-base interac-
tion, thus resulting in a new class of materials with interesting structures and
properties. This will be the focus of this thesis work.
1.2 Supramolecular complexes of wedge-shaped
sulfonic acid and polybases
During the past decade another self-assembly concept based on complexation
of polymer chains by low molecular weight amphiphiles via noncovalent interac-
tions has attracted great interest in the construction of nanostructured macro-
molecular materials. [25–32] The polymer chains and low molecular weight ligands
combine to form comb-shaped supramolecules (“complexes”), which in turn self-
assemble on a length scale of a few nanometers. Due to the incompatibility
between the polymer and the nonpolar part of the ligand molecules, these com-
plexes form microphase-separated morphologies. Most frequently lamellar phases
are obtained, where layers of ligands and layers of polymers alternate. [33,34]
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Figure 1.3: Chemical structure and the phase diagram of a series of complexes
P4VP(C12AzoSO3H)DN. DN – degree of neutralization.
The complexes of wedge-shaped sulfonic acid molecules with polybases have
been prepared and studied by our group. Based on the complexes of poly(4-
vinylpyridine) (P4VP) with the diazo-containing sulfonic acid molecules (Figure
1.3) we have demonstrated that the liquid crystalline order is formed at the
degree of neutralization (DN) as low as 0.13. The complexes form a lamellar
mesophase at low DN, while a Colh phase was observed at DN above 0.80, which
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Lamellar phase Hexagonal columnar phase
Noncovalent bonding
Figure 1.4: Proposed packing model of complexes of polybase and wedge-shaped
sulfonic acid molecules in lamellar phase and hexagonal columnar phase.
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Figure 1.5: UV absorption maximum wavelength pi-pi∗ band, λmax, and the molar
extinction coefficient at 328 nm (ε328) of the azo-chromophores in the complexes
P4VP(C12AzoSO3H)DN in the dilute chloroform solutions versus the degree of
neutralization (DN).
was at the same time accompanied by effective plasticizing, i.e. depressing of
glass transition of the P4VP backbones. At the transition from lamellar to the
columnar phase a drastic increase of lattice parameter was observed, indicating
a formation of a disordered helical conformation of the central polymer chains
in the Colh phase, which are isolated from each other by the molecular wedges.
A schematic representation of the proposed packing model for the complexes in
different mesophases is illustrated in Figure 1.4. By decreasing the rigidity of
the polymer chain, e.g. using poly(2-vinylpyridine) (P2VP) as the polybase, the
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columnar mesophase was observed already at a slight lower DN of 0.50. It seems
that the higher flexibility of the polymer backbone is, the more easily the helical
conformation can be formed.
0 500 nm 500 nm0
0nm
5nm
Figure 1.6: SFM topography images of P4VP/(C12AzoSO3H)0.25 monolayer. left:
Mn(P4VP) = 5100; right: Mn(P4VP) = 46700. Scan size is 500×500 nm2. Z range
is 5.6 nm for the height image.
1. nucleic acid (RNA); 2. capsomer (protomer);  3. Capsid.
300 nm
2.3 nm
1
18 nm
2
3
Figure 1.7: Schematic model (a) and self-assemby mechanism (b) of TMV.
In solution the presence of hypsochromic as well as hypochromic effects (Figure
1.5) on increasing DN of the polybase implies a conformation change of the poly-
mer backbone from “ligand surrounded random coils” into a true cylinder-shaped
complex. Scanning force microscopy (SFM) investigation of the complexes in
monolayer films exhibited well defined supramolecular assembly, whereby the size
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of the entities is clearly templated by the macromolecules (Figure 1.6). [35] With
the shortest P4VP chain (Mn = 5100), nearly globular complexes were formed.
With increasing molecular weight semiflexible cylinders were observed.
It is worth noticing that in contrast to comb-like molecules with flexible linear
side chains, the formation of a cylindrical structure will be predominately driven
by self-assembly of the side groups, and not by the entropic repulsion/excluded
volume effects of the side chains. [36] In addition, due to the noncovalent reaction,
disassembly is feasible in this system. Thus, in this way we can mimic not only
the architecture but also the dynamics of the tobacco mosaic virus (Figure 1.7),
in which a helical RNA chain is complexed by self-assembled identical protein
molecules via noncovalent weak interactions as well as disassembled from the
protein. Moreover, in this structure the length of the virus is controlled by the
length of the central RNA macromolecule. [37,38]
(a) (b)
(c) (d)
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Figure 1.8: Hierarchical ordering of complex thin films: SFM phase images of
(a) DN = 0.25 and (b) DN = 0.50; Proposed model for the thin film morphologies
of (c) DN = 0.25 and (d) DN = 0.50.
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The diazo-containing wedge-shaped sulfonic acid is also an interesting exam-
ple which forms complex with block copolymer PEO180-b-P2VP560.
[39] In thin
films, for the complex with DN = 0.25 mixed morphologies lamellae and cylin-
ders oriented orthogonal to the substrate and air interface, and the formation of
lamellae can be anticipated by merging adjacent PEO cylinders (Figure 1.8(a)
and 1.8(c)). Increase the degree of neutralization to 0.50 leads to the formation
of a pure cylindrical microdomain structure. Within the holes that result from
dewetting a featureless surface layer is observed, indicated by an arrow in this
figure. It is assumed that the PEO goes underneath the complex layer since
at DN = 0.50 the steric hindrance does not allow the strong adsorption of the
complex on the substrate (Figure 1.8(b) and 1.8(d)).
1.3 Template polymerization in supramolecular
self-assemblies
Mimicking nature is always a big challenge. Besides the self-organization de-
scribed above a much more complicated process, self-replication, e.g. replication
of proteins and DNA, is encountered, and it plays a pivotal role for the continua-
tion of living organisms. An attempt to mimic this process in synthetic polymer
chemistry is so called template polymerization, which was firstly brought forward
by Szwarc. [40] Template polymerization is usually defined as a process in which
the monomer units are organized by a preformed macromolecule and refers to
one phase systems in which the monomer and template are soluble in the same
solvent or are present in a form of a swollen gel. [41] In this case, pre-organization
of monomer molecules with the macromolecules via weak interactions, such as
hydrogen bonds and electrostatic forces can be recognized to be the first key
step. It should be noted that the exact copy of a synthetic macromolecule has
never been achieved in the synthetic chemistry.
As is well known, the amphiphilc supramolecules can form all kinds of phase
transition which depends on not only the water content of the system but also the
temperature (Figure 1.9). O’Brien et al. published a couple of excellent reviews on
the supramolecular materials via polymerization of lamellar, bicontinuous cubic
9
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(QII) and inverted hexagonal (HII) mesophases of hydrated amphiphiles.
[42,43]
The most studied lipid phase is the HII phase, which is composed of aqueous
columns encased in a monolayer of lipid and arranged in a hexagonal order. Two
complimentary strategies have been employed to polymerize the lipid domains of
the HII phase. In one the polymerizable groups were incorporated into the tails
of the amphiphiles, [44–47] whereas in the other the reactive groups were placed
adjacent to the head of the amphiphile. [48] The first approach results in partial or
complete cross-linking of the amphiphiles in the HII phase and yields an ordered
polymer matrix. The second strategy polymerizes the individual unit cells of the
HII phase in a manner that permits their subsequent separation.
Cubic Pn3m 
Cubic Ia3d 
Inverted 
hexagonal 
Lamelar 
liquid 
crystalline 
Lamelar  
crystalline 
Fluid isotropic 
Figure 1.9: Lamellar and nonlamellar phases of hydrated amphiphiles.
Pre-organization of monomers to yield finite and individual nanoobjects that
can be stabilized and modified by subsequent polymerization has been also de-
scribed by Percec. [49] Examples are cylindrical structures that resemble the to-
bacco mosaic virus and highly monodisperse spheres (Figure 1.10). Other exam-
ples are found in the field of dendrimer synthesis. [50] Such polymerized supramolec-
ular assemblies can provide novel functionality as otherwise known only in natural
protein based systems, such as molecular carrier functions, directed transport of
excited states and in catalysis. A challenge is presented by the fact that covalent
10
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linkage of the assembled units can improve robustness but must not impede the
functionality.
Template polymerization is an essential principle in nature for the replica-
tion of DNA and protein synthesis, synthetic efforts have however often failed
expectations because the structural constraints where not sufficient to guarantee
consecutive and complete linkage without breaks and the controlled combination
of different building blocks. In the case of a 3D-defined supramolecular complex
between a polymer and suitable low molecular weight moieties polymerization
of the latter may allow one to imprint the organized structure onto the polymer
and preserve the imprinted organized state of the guest after the removal of the
structure-directing host.
Figure 1.10: DP-dependent change of dendronized polystyrene from (a) spherical
to (b) columnar shapes.
1.4 Aims and objectives
Although a series of investigations on the complexes of the wedge-shaped sulfonic
acid molecules and polybases have been reported previously, the research in this
field is still at an early stage, and there are plenty of open questions. The gen-
eral aim of this work is to clarify the self-assembly mechanism in the complexes
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of polymer with wedge-shaped amphiphilic sulfonic acid molecules in different
environments. Further, we will pursue the supramolecular self-assembly princi-
ple of the complexes of wedge-shaped sulfonic acid molecules with polybases to
pre-organize the monomer into supramolecular rods, with the subsequent poly-
merization supramolecular nanoobjects with defined size can be formed. At the
second step the inner polymer chain will be removed by ion exchange in a strong
acidic medium, and eventually the hollow macromolecular coat with a functional
pore will be employed to prepare replica of the template macromolecule. This
template-to-template synthetic approach mimicking the DNA and protein dupli-
cation process is schematically demonstrated in Figure 1.11.
Template to Template
Figure 1.11: Scheme of template-to-template polymerization.
1.5 Outline of the thesis
This dissertation contains 10 Chapters. Chapter 1 provides a literature review
on the wedge-shaped amphiphilic molecules, complexes of polymer with wedge-
shaped amphiphilic sulfonic acid molecules, and template polymerization, scien-
tific objectives and outline of this thesis. Chapter 2 – 5 describe a detailed investi-
gation on the self-assembly mechanism in the complexes of polymers with wedge-
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shaped amphiphilic sulfonic acid molecules in different environments. Chapter
6 – 10 deal with the template polymerization using the concept of complexa-
tion of polybases with wedge-shaped sulfonic acid molecules. In Chapter 2 we
employed the combination of dynamic and static light scattering techniques to
study the evolution of chain conformation upon complexation with wedge-shaped
sulfonic acid molecules. In Chapter 3 wedge-shaped sulfonic acid molecules
were introduced into poly(N-vinylcaprolactam-co-acetoacetylethyl-methacrylate-
co-vinylimid-azole) microgel via acid-base interaction. The behavior of these
hydrophobized microgel particles in water and their uptake and release proper-
ties were then addressed. Chapter 4 describes the self-assembly of complexes of
a triblock copolymer poly(butadiene)-b-poly(2-vinyl pyridine)-b-poly(tert-butyl
methacrylate) (B3.9V1.0T
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2.1 ) with wedge-shaped sulfonic acid mole-cules in thin
films as investigated by SFM and GISAXS techniques. Using SAXS measure-
ments it was evidenced when the complexes form a Colh phase, central polymer
adopts a disordered helical conformation. So in Chapter 5 chiral wedge-shaped
sulfonic acid molecules and their complexes with linear poly(ethylenimine) were
prepared. The aim of this study is to obtain supramolecular cylinders with a pro-
nounced helical structure. In this chapter the bulk structure of these complexes
was studied by SAXS measurements, and optical rotation was used to address
the formation of helical conformation in solution.
For template polymerization, in order to maximally hinder the intermacro-
molecular crosslinking, a topochemical reaction – photoinitiated polymerization
of diacetylene was used. Furthermore, the polymerization of diacetylenic groups
can be readily detected by the formation of highly coloured poly(diacetylene).
In Chapter 6 the synthesis of a wedge shaped intermediate, 3,5-di(trideca-2,4-
diynyloxyl)benzoic acid methyl ester was described, and the photopolymerization
of this compound in the crystalline state was studied. It was shown that the cor-
responding carboxylic acid, 3,5-di(trideca-2,4-diynyloxyl)benzoic acid formed a
monotropic Colh mesophase, so in Chapter 7 we studied the photopolymeriza-
tion of this compound in the Colh mesophase. Its phase behaviour before and
after photopolymerization was addressed in details using SAXS. In Chapter 8,
a wedge shaped sulfonic acid molecule containing diacetylene groups as well as
the corresponding complexes with P2VP were prepared. The phase behaviour of
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these complexes was studied by SAXS measurements. Using these complexes the
template-to-template synthesis in the Colh phase was tested. It is worth noting
that the complex bearing a diazo group with DN = 0.25 forms a lamellar structure
in the bulk, and amazingly, it forms unilamellar micro-sized as well as onion-like
multilamellar nano-sized vesicles in water. Thus, the structure of the vesicle and
its photo-switchable properties are described in Chapter 9.
We also tested the template-to-template synthesis in solution. In Chapter 10
we synthesized a wedge-shaped sulfonic acid molecule containing acrylate groups
in the middle of the rim of the wedges as well as its corresponding complexes with
P4VP. The photopolymerization was carried out in n-hexane. The template-to-
template synthesis was monitored using different physical techniques.
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2Polymer Chain Stretching by
Complexation with Wedge-
Shaped Sulfonic Acid Molecules
In this chapter, combined static and dynamic light scattering technique is used to
characterize a series of polymer complexes in benzene that are formed by neutral-
izing poly(2-vinylpyridine) with wedge-shaped sulfonic acid molecules. CONTIN
analysis of dynamic light scattering data obtained from the complexes shows a
narrow monomodal distribution of hydrodynamic radii Rh, indicating that the
complexes behave in the benzene solution as individual supramacromolecules
without dissociation and aggregation. Upon complexation the stiffening of the
polymer backbone is clearly demonstrated by the steady increase of radius of
gyration (Rg) and Rh. The complexes exhibit similar Rg/Rh ratios as compared
with the pure polymer. Apparently, the complexes are in the flexible chain limit,
since the polymer contour length is far beyond their Kuhn segment lengths.
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2.1 Introduction
During the last decade complexation of polymer chains with low molecular weight
amphiphilic molecules via non-covalent interactions such as ionic bonds and hy-
drogen bonding has become a standard approach for the construction of nanos-
tructured macromolecular materials due to the synthetic simplicity and structural
diversity. [1–8] The linear polymer chains and low molecular weight surfactants
combine to form comb-shaped supramacromolecules (“complexes”) which in turn
self-assemble on a length scale of a few nanometers. Due to the incompatibil-
ity between the polar polymer chain and the non-polar part of the surfactant
molecules these complexes form microphase-separated morphologies.
A fascinating polymer complex system is polyaniline protonated with cam-
phorsulfonic acid. This complex forms a lyotropic liquid crystalline phase in
m-cresol, and films cast from this solution show a high degree of structural order
and metallic conductivity. [9,10] According to Ikkala et al. the above mentioned
system involves strong interactions via hydrogen-bonding between the solvent,
the counterion and the polymer chain, together with a steric matching between
the solvent of the polymer repeating units in order to enhance van der Waals
interactions. [11–13] In such a system an extended chain conformation of polyani-
line is favoured and an ordered mesostructure is thus formed. Another concept
for the polymer chain stiffening was proposed by Fredrickson, which was based
on the complexation of a flexible polymer chain with oligomeric surfactants. [14] It
was theoretically predicted that surfactants which bound strongly to specific sites
along the polymer backbone were capable of imparting a high degree of rigidity to
the chain, and in the case of a dense coating of the chain by surfactant molecules;
the individual polymer is transformed into a wormlike object whose persistence
length can greatly exceed its diameter. The chain stiffening is apparently driven
by entropic repulsion/excluded volume effects of the side-chains.
We have developed a series of wedge-shaped surfactant molecules containing
a big hydrophobic rim and a hydrophilic sulfonic acid group at the focal point,
which can self-assemble into columnar structures. [15,16] We could show that the
complexes of poly(4-vinylpyridine) chains protonated with the wedge-shaped sul-
fonic acid molecules exhibited a liquid crystalline lamellar phase at lower degrees
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of neutralization (DN), and the formation of a hexagonal columnar mesophase
was observed at higher DN. [17] It can be expected that the formation of the
supramolecular cylinders in bulk is predominately induced by self-assembly of
the surfactant molecules. According to the small-angle X-ray scattering data, a
transition of polymer chain conformation from a 2-dimensional coil in the lamellar
structure to a disordered helix in the columnar phase was evidenced. Although
the change of light absorption characteristics of the surfactant molecules with
the increase of DN in the dilute solution implied a transition of the conformation
of the polymer backbone, it remains questionable whether the interaction be-
tween the wedge-shaped molecules can induce the chain stiffening in the solution,
where the crystallization of the side groups does not contribute to the structure
formation. In order to elucidate this conformational change upon neutralization
a scattering method should be employed.
Light scattering is a well-known technique to study the polymer conforma-
tion in the solution, and a number of polymer-surfactant complexes were investi-
gated by this means in aqueous as well as organic media. In an aqueous solution
the complexes ionically dissociate, and the polyelectrolyte coil contracted with
increasing surfactant concentration. [18] It was attributed in part to the neutral-
ization of the polyion charge by the oppositely charged surfactant micelles and
partly through adaption of the coil conformation to the micellar surface curvature.
Stoichiometric complexes are generally insoluble in water; however, they can be
dissolved in organic solvents. In solvents of low polarity the complexes are soluble
without dissociation, and the chain extension was observed with the increase of
substitution degree. [19,20] This might be due to the change of the solvent quality
for different complexes, and the situation was also complicated by the presence
of “salt groups”. In this study, a combined static and dynamic light scattering
technique was carried out to study the change of polymer chain conformation
of poly(2-vinylpyridine) (P2VP) upon neutralization with wedge-shaped sulfonic
acid molecules. Here we dealt with a unique system, where polymer, surfactant
and their complexes were all well soluble in organic solvents such as chloroform
and benzene, and no excess “salt groups” were present in the nonstoichiometric
complexes. Therefore it became possible to investigate the “pure” steric effect of
the surfactant molecules on the conformation of the polymer backbone.
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2.2 Experimental
2.2.1 Materials
The synthesis of 4-N-[3’,4’,5’-tris-(dodecyloxy)benzamido]benzene-4-sulfonic acid
(TDBBSA) was described elsewhere. Poly(2-vinylpyridine) (P2VP) withMn = 9.20
×105 and Mw/Mn = 1.37 was purchased from Fluka and dried in vacuum at 40 ◦C
for 8 h. Benzene (Chromasolv Plus, for HPLC, ≥ 99.9%) and chloroform (anhy-
drous, ≥ 99%) were purchased from Sigma-Aldrich and used as received.
2.2.2 Synthesis of complexes
TDBBSA and P2VP in different proportions were dissolved in chloroform, and the
weight concentration of the solute was close to 5%. The resulting transparent solu-
tions were stirred for 2 h at room temperature; afterwards the solvent was removed
on a rotor evaporator. The products were then dried in vacuum at 40 ◦C for 8 h.
Four complexes with DN values 1.0, 0.50, 0.33 and 0.13 were prepared and des-
ignated as P2VP/(TDBBSA)1.0, P2VP/(TDBBSA)0.50, P2VP/(TDBBSA)0.33,
and P2VP/(TDBBSA)0.125, respectively.
2.2.3 Light scattering experiments
The light scattering (LS) experiments were performed on a model 5000e compact
goniometer system from ALV-Laser Vertriebsgesellschaft (Langen, Germany),
which permitted the simultaneous recording of static and dynamic light scat-
tering. A Nd:YAG laser with 100 mW operating at a wavelength of 532 nm was
used as the light source. Cylindrical quartz glass cuvettes with an outer diameter
of 20 mm served as scattering cells. The scattering intensity was recorded in an
angular range of 30 ◦–150 ◦. The temperature of the cell housing was controlled
by a thermostat (Haake, Germany) with a precision of 0.01K. In our experiment
all the data were obtained at 298.17K. All samples were filtered through PTFE
syringe filters with a pore size of 0.45µm.
Light scattering experiments were carried out for complexes as well as P2VP
at different concentrations. Zimm approximation was used to evaluate the static
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light scattering (SLS) data:
Kc
∆Rθ
=
1
MwP (q)
+ 2A2c (2.1)
with Mw the weight-averaged molecular weight, P (q) the form factor, A2 the
second osmotic virial coefficient, and c the polymer concentration in g/L. The
scattering intensity of the samples is expressed in terms of the Rayleigh ratio
∆Rθ. The contrast factor K is defined as:
K =
4pi2
λ40NA
(
n
dn
dc
)2
(2.2)
where λ0, NA, n, and dn/dc are the laser wavelength in vacuum, Avogadros
number, the refractive index of the solvent, and the refractive index increment of
the polymer in solution, respectively. The scattering vector q is defined as:
q =
4pin
λ0
sin
θ
2
(2.3)
with Γ the scattering angle. For particles significantly smaller than the wave-
length, 1/P(q) can be approximated by
1 +
R2g
3
q2 (2.4)
with Rg
2 being the z-averaged mean-square radius of gyration. Dynamic light
scattering (DLS) data were recorded as intensity-time correlation functions which
were transformed into electric field-time correlation functions g1(q,t). They de-
pend on the diffusion coefficient D of the dissolved polymers according to
g1(q, t) =
∫ ∞
0
G(D)e−Dt/q2dD (2.5)
G(D) is the resulting distribution function of D which can be evaluated by means
of the CONTIN method. This method was used in the present work to inspect
the size distribution of the respective samples. The diffusion coefficients were
gained from a cumulant fit of g1(q,t). This fit describes the logarithm of g1(q,t)
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at constant q as a power series in t
ln[g1(q, t)] = Γ0 − Γ1t+ Γ2
2
t2 − Γ
3
3
t3 (2.6)
where Γ0, Γ1, Γ2 and Γ3 are the cumulants. The first cumulant Γ1 is determined
by the z-averaged diffusion coefficient D:
D =
Γ1
q2
(2.7)
Γ2/Γ
2
1 provides the information on polydispersity of the sample. The diffusion
coefficient was determined by extrapolation of D to c= 0 and q2 = 0 according to
D = D0(1 + kDc+ CR
2
gq
2) (2.8)
where D0 is the extrapolated diffusion coefficient, C is a dimensionless constant
which depends on polydispersity and particle shape [21,22] and kD is a constant
describing the concentration dependence of D. The diffusion coefficients were
transformed into effective hydrodynamical radii Rh via Stokes-Einstein equation.
Rh =
kT
6piη
1
D
(2.9)
with k being Boltzmann constant, T the temperature, and η the solvent viscosity.
η= 0.6028 mPa·s was used as solvent viscosity for benzene at 25 ◦C.
Zeta-potential measurements. Zeta-potential of the complexes in benzene
(0.37 g/L) was measured at 25 ◦C with a Zetasizer Nano ZS ZEN3600.
2.2.4 Measurement of refractive index increment
Refractive index increments (dn/dc) of the samples in benzene were determined
using a deflection refractometer 2010 (Polymer Standards Service GmbH, Mainz)
with λ= 535 nm polarized light. The temperature of the flow cell was set to be
25 ◦C. Before measurement, the device was calibrated with KCl solutions covering
the concentration range from 0.50 up to 10 mg/ml. The solvent and the solutions
of different concentrations, which were filtered through disposable PTFE filters
with a pore size of 0.45µm, were injected into the refractometer.
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2.3 Results and discussion
P2VP used in this study was a commercially available polymer standard with a
very high molecular weight (Mn = 9.20×105) and a fairly narrow molecular weight
distribution (Mw/Mn = 1.37). The complexes of P2VP with the wedge-shaped
sulfonic acid molecules TDBBSA of different DN values were prepared by dis-
solving appropriate amounts of the components in a common solvent chloroform
and by subsequently removing the solvent (Figure 2.1).
C12H25O
C12H25O
C12H25O
CONH SO3H +
N
n
NH
n DN
co
N
n (1-DN)
C12H25O
C12H25O
C12H25O
CONH SO3
Figure 2.1: Formation of complexes of poly(2-vinylpyridine) and wedge-shaped
sulfonic acid molecules. DN: degree of neutralization.
Benzene was chosen as the solvent for the light scattering experiments, since
it is a low-polarity solvent in which P2VP, TDBBSA and all complexes can be
dissolved and ionic dissociation of the complexes is not to be expected. Table 2.1
summarizes the refractive index increment (dn/dc) of P2VP and the complexes.
It can be seen that the (dn/dc) value decreases with the increase of DN, since
the aromatic backbones are substituted with molecules containing big aliphatic
fragments.
First, the pure P2VP was measured by both SLS and DLS. The molecular
characteristics obtained from static and dynamic Zimm plots are shown in Table
2.2. It can be seen that the second osmotic virial coefficient A2 is close to zero
indicating that benzene at 25 ◦C is close to a θ-solvent for P2VP. This is in line
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Table 2.1: Refractive index increments (dn/dc) of P2VP and its complexes with
TDBBSA.
Samples DN dn/dc, mL/g
P2VP 0 0.091±0.004
P2VP/(TDBBSA)0.13 0.13 0.047±0.005
P2VP/(TDBBSA)0.25 0.25 0.035±0.002
P2VP/(TDBBSA)0.50 0.50 0.031±0.003
P2VP/(TDBBSA)1.0 1.0 0.027±0.007
with our expectations as Dondos reported benzene to be a θ-solvent at 15 ◦C for
P2VP. [23] Mw of P2VP obtained from the SLS measurements is twice the value
provided by the supplier (Table 2.2).
Table 2.2: Molecular characteristics of P2VP measured by means of static and
dynamic light scattering in benzene.
Data
Mn Mw Mw/Mn Rg Rh A2
– – – nm nm mol L3/g2
Data from supplier 970K 1260K 1.37 – – –
Data from measurement – 2516K – 57.80 41.0 4.30×10−8
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Figure 2.2: Static Zimm-plot of complex P2VP/(TDBBSA)0.25 in benzene.
A typical static Zimm-Plot obtained from the complex P2VP/(TDBBSA)0.25
is shown in Figure 2.2. For pure P2VP and all the complexes the values of
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Table 2.3: Characteristics of complexes measured by means of static and dynamic
light scattering in benzene. c:calculated; d: determined.
Samples
M cw M
d
w Mw/Mn Rg Rh Rg/Rh
– nm nm –
P2VP/(TDBBSA)0.13 5061K 6079K 3.50×10−8 65.70 47.20 1.39
P2VP/(TDBBSA)0.25 7575K 12750K 1.15×10−8 83.30 56.20 1.48
P2VP/(TDBBSA)0.50 12604K 15570K 7.66×10−9 82.90 55.60 1.49
P2VP/(TDBBSA)1.0 22661K 19840K 2.34×10−9 117.70 84.00 1.40
kc exhibited a linear dependence on concentration c as well as on q
2, showing
the behaviour of flexible, linear macromolecules without ionic dissociation in the
studied concentration range. The molecular characteristics determined from lin-
ear extrapolation of the Kc/∆Rθ values in the angle range of 30
◦ – 80 ◦ to zero
angle and zero concentration are summarized in Table 2.3.
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Figure 2.3: Ratio of molecular weights measured by SLS and calculated molecular
weights versus degree of neutralization.
For comparison, Mw of the complexes was also calculated by adding the molec-
ular weight of the wedge-shaped molecule (830.3) according to DN to the Mw of
P2VP determined by SLS (Table 2.2). Except for the complex with full neutral-
ization, Mw of the complexes measured by SLS are higher than the calculated
ones. Figure 2.3 depicts the dependence of the ratio of measured and calculated
Mw on the DN value, which shows a maximum at DN of 0.25. This is possibly
due to a statistical distribution of the sulfonic acid molecules among all present
polybase chains in the solution as a result of the existence of a dynamic exchange
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equilibrium that may broaden the polydispersity of the nonstoichiometric com-
plexes. Most remarkably, Rg of the polymer backbone increases monotonically
upon neutralization with wedge-shaped sulfonic acid molecules (Figure 2.4). At
the same time, the second virial coefficients A2 of the complexes can also be con-
sidered close to zero within experimental error. This indicates that benzene at
25 ◦C is close to a θ-solvent for P2VP as well as for all the complexes. Therefore,
excluded volume effects are considered to be negligibly small in this case, and
the increase of Rg with the increase of DN is mainly induced by the increase of
Kuhn segment length lk. The lk value of the polymers in the solution can be
evaluated by comparing the Rg values with the prediction of the wormlike chain
model according to Eq. (10):
R2g =
(z + 2)lkLw
6(z + 1)
− l
2
k
4
+
l3k
4Lw
− l
4
k(z + 1)
8L2wz
×
[
1−
(
(1 + z)lk
(1 + z)lk + 2lw
z)]
(2.10)
Eq. (10) represents the z-averaged mean squared radius of gyration for polydis-
perse wormlike chains [24] with a Schultz-Zimm distribution [25] of the molar mass.
In this equation the parameter z =Mn/(Mw–Mn) = 2.7 accounts for polydispersity
and Lw = bMw/M0 for the weight-averaged contour length with M0 = 105.14 the
molar weight of a 2-vinylpyridine unit, b= 0.26 nm its length and Mw = 2.52×106
the weight-averaged molecular weight of P2VP measured by SLS.
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Figure 2.4: Dependence of radius of gyration (Rg), hydrodynamic radius (Rh)
(a), and their ratio ρ (b) of the complexes on degree of neutralization.
Figure 2.5 depicts the Kuhn segment length lk calculated using Eq. 10 versus
DN. We also found that the zeta-potential of all the complexes in benzene at 25 ◦C
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was close to 0 (Table 2.4), showing no ionic dissociation of the complexes. Since
the solvent quality for all complexes remains almost constant, the chain stiffening
must be caused solely by the steric interaction of the complexing molecules.
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Figure 2.5: Kuhn segment length vs degree of neutralization.
The length of a TDBBSA molecule was calculated to be 2.8 nm from a space-
filling model assuming stretched alkyl chains, and the diameter of a P2VP chain
was around 0.9 nm. The diameter of a complexed P2VP macromolecule can reach
6.5 nm at high DN, and due to the formation of a disordered helical conformation
this value can be even higher. The persistence length of the fully substituted poly-
mer, which is half of its lk, appears to be smaller than the diameter. It seems that
in the case of the systems based on polymer/wedge-shaped sulfonic acid molecules
the steric effect alone can hardly induce a lyotropic liquid crystalline phase, other
interactions between the surfactant molecules such as hydrogen bonding and pi-pi
stacking should contribute as well.
Table 2.4: Zeta-potential of complexes in benzene at 25 ◦C.
Samples Zeta-potential, mV
P2VP/(TDBBSA)0.13 0.06
P2VP/(TDBBSA)0.25 0.84
P2VP/(TDBBSA)0.50 0.23
P2VP/(TDBBSA)1.0 -0.36
CONTIN analysis of DLS data from the complexes showed a narrow monomodal
distribution of hydrodynamic radii Rh (Figure 2.6). This indicates that in the
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benzene solution all wedge-shaped molecules are attached to the P2VP chains at
all addressed DN at the time scale of the light scattering process and the com-
plexes behave as individual supramolecules without dissociation and aggregation.
Interestingly, within all the complexes the one of DN = 0.25 exhibites the broad-
est Rh distribution; this is in good agreement with the SLS data, which showed
the highest deviation of the measured Mw as compared with the calculated ones.
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Figure 2.6: Distribution of hydrodynamic radii Rh of the complexes by CONTIN
analysis of the electric field-time correlation functions g1(q, t) measured in benzene
at 30 ◦C at concentration of P2VP/(TDBBSA)1.0 0.40 g/L; P2VP/(TDBBSA)0.50
0.37 g/L; P2VP/(TDBBSA)0.25 0.36 g/L; P2VP/(TDBBSA)0.13 0.37 g/L.
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Figure 2.7: Dynamic Zimm-plot of complex P2VP/(TDBBSA)0.25 in benzene.
The dynamic Zimm-plot of the complex P2VP/(TDBBSA)0.25 in benzene is
shown in Figure 2.7. The diffusion coefficient D0 of the complexes in the benzene
solution was obtained by linear extrapolation of the D values determined in the
angle range of 30 ◦ – 80 ◦ to q2 = 0 and to c= 0. The diffusion coefficients were then
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transformed into effective hydrodynamic radii Rh via Stokes-Einstein equation
(Eq. (9)). As shown in Figure 2.4, the general trend is that Rh increases as well
with the increase of the DN value.
Combination of SLS and DLS gives access to the shape sensitive ratio ρ =
Rg/Rh, which reveals additional information on the conformation of P2VP chains.
For pure P2VP the ρ-ratio was calculated to be 1.41, which is typical for a polymer
coil under good solvent conditions. The complexes exhibited very similar ρ values
as compared with the pure P2VP despite the chain stiffening as evidenced by
the increased Rg. This is according to expectation, since in our case the contour
length of the P2VP chain is far beyond the Kuhn segment lengths of the complexes
for all DN values. Therefore, the chains are in the flexible chain limit in all cases.
2.4 Conclusion
In dilute benzene solutions complexes of P2VP with wedge-shaped sulfonic acid
molecules behave like flexible individual supramacromolecules which do not disso-
ciate ionically and do not form aggregates.The sulfonic acid molecules were found
to be distributed statistically among all present P2VP chains in the solution as
a result of the existence of dynamic exchange equilibrium. At the same time, the
stiffening of the polymer backbone upon complexation was clearly evidenced by
the increase of Rg and Rh. Since the A2 values are close to zero for P2VP and
all complexes, their Kuhn segment lengths were calculated using the wormlike
chain model. By comparing the Kuhn segment length and the diameter of the
complexes macromolecules it seems that in the case of polymer/wedge-shaped
sulfonic acid molecules systems the steric effect alone can hardly induce a ly-
otropic liquid crystalline phase. The complexes exhibited similar Rg/Rh ratios as
compared with the pure P2VP. The actual values are all close to 1.45, which is
characteristic for flexible coils.
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3Aqueous Microgels Modified by
Wedge-Shaped Amphiphilic
Sulfonic Acid Molecules
In this chapter we report on the synthesis and properties of aqueous modified
poly(N-vinylcaprolactam-co-acetoacetylethylmethacrylate-co-vinylimidazole) mi-
crogels with a series of water-insoluble wedge-shaped sulfonic acid molecules with
alkyl chains of different lengths via acid-base interaction between imidazole units
and sulfonic acid groups. It is demonstrated that the thus hydrophobized micro-
gels could retain their colloidal stability in water and the alkyl chain length in
the wedge-shaped molecules had a significant influence on their size and environ-
mental sensitivity. A hydrophobic dye Nile Red was used as a probe to evaluate
the loading capacity as well as the structure of the hydrophobic domains in the
microgels. The dye-loaded microgel particles show a thermochromic effect being
sensitive to the alkyl chain length of the wedge-shaped molecules. Furthermore,
dexamethasone, an important type of anti-inflammatory corticoid medicine, is
incorporated into the hydrophobized microgels, and the loading capacity as well
as the in vitro release profile at different temperatures is investigated.
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3.1 Introduction
In the field of pharmaceutics, in order to improve the specific delivery of drugs
with low therapeutic index, a variety of different polymer delivery systems have
been developed. [1] For drugs which are poorly soluble in water, amphiphilc poly-
mer systems that are able to solubilize these drugs in their hydrophobic domains
and at the same time are well dispersible in aqueous media are the most promis-
ing candidates. [2] Among them micelles self-assembled by such polymers are the
most used carriers, since they exhibit good stability and well-controlled release
profile. [3] Linear block copolymers (methoxypoly (ethylene glycol)-b-poly(hexyl
lactides) [4] and poly(acrylic acid)-b-poly(D-lactide) [5] as well as brushlike poly-
mers with poly(2-hydroxyethyl methacrylate) backbone and poly(-caprolactone)-
b-poly(ethylene glycol) side chains [6] were prepared and in form of well-defined mi-
cellar structures (hydrophobic core/hydrophilic corona) [7] successfully employed
for the uptake and release of hydrophobic substances. In addition, coreshell sys-
tems, which consist of either dendritic cores surrounded by hydrophilic polymeric
shells, [8,9] or (cross-linked) star polymers with a hydrophobic core and hydrophilic
corona, [10–13] are also well-known delivery systems.
Two important features of amphiphilic systems, namely protection of drugs
from possible inactivation and colloidal stability in aqueous media, allow their
successful utilization in the field of drug delivery. Therefore, polymer-based mi-
crogels with similar features attract more and more attention in the field of drug
delivery. [14,15] Furthermore, colloidal microgels have other intriguing properties
such as high porosity, easy functionalization and adjustable morphology and di-
mensions which can respond to the changes of temperature, pH, and solvent
quality. [16–20]
Although not all functional units can be integrated into microgels during
polymerization, there are numerous post-modification approaches to widen the
application of microgels. A convenient approach to modify microgel particles is
polymer-analogue transformation, and different functional molecules can be inte-
grated into aqueous microgels by the formation of intermolecular complexes. [21,22]
For hydrophobic drugs it is necessary to introduce hydrophobic domains into
the interior of the microgels in order to increase the loading capacity and to
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adjust the release profile. Recently, we developed a simple route for the de-
sign of microgels comprising inner hydrophobic nanodomains based on com-
plexation with wedge-shaped amphiphilic molecules containing complementary
functional groups. [23] Poly(N-vinylcaprolactam-co-acetoacetylethyl methacrylate)
(PVCL/AAEM) based microgel systems functionalized with vinylimidazole (VIm)
groups (PVCL/AAEM/VIm) were transferred into an organic medium, where
they were neutralized by water-insoluble wedge-shaped molecules bearing a sul-
fonic acid group at the tip of the wedge and a large hydrocarbon body. After
re-dispersion of the modified microgel particles into the aqueous phase, the wedge-
shaped amphiphiles ionically attached to the polymer chains self-assembled into
discrete nanodomains in the interior of the polymer colloids due to hydropho-
bic attraction force. The modification degree can be controlled by varying the
amount of imidazole groups integrated into the microgel network as well as the
neutralization degree. Furthermore, by dye-uptaking experiment we showed that
the hydrophobic sites in the microgels were easily accessed by the hydrophobic
guest molecules that could be encapsulated in the hydrophobic domains.
In the present work, a series of wedge-shaped sulfonic acid molecules with
different alkyl chain lengths, i.e. different nonpolar hydrocarbon bodies, was syn-
thesized and used to modify the PVCL/AAEM/VIm microgels. In this way we
aim at investigating the influence of the chemical structure of the wedge-shaped
sulfonic acid molecules on the structure and properties of the microgels contain-
ing self-assembled hydrophobic domains. For evaluating the loading capacity and
in-vitro release profile of the modified microgels glucocorticoid dexamethasone
(DEX), which is widely used clinically as an anti-inflammatory and immunosup-
pressive agent, has been chosen. It is known that in order to minimize the expo-
sure of the whole animal body to the high drug concentration needed for implants
and to avoid the side effect of chronic use, the local delivery of steroidal drugs
such as DEX is highly desired. The uptake and release process of this drug in den-
drimers, [24] polymer micelles, [25,26] capsules [27] and especially the hydrogels [28,29]
has already been studied. The intra-arterial administration of DEX-containing
nanoparticles has been demonstrated effective for reducing restenosis in a rat
model. [30]
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3.2 Experimental
3.2.1 Materials
N-Vinylcaprolactam (VCL) (98%, Aldrich), acetoacetoxyethyl methacrylate (AA-
EM) (95%, Aldrich), and vinylimidazole (VIm) (≥ 99%, Aldrich) were purified
by vacuum distillation. N,N-methylenebis (acrylamide) (BIS) (99%, Aldrich),
2,2’-Azobis(2-methyl propyonamidine) dihydrochloride (AMPA) (97%, Aldrich),
tetrahydrofuran (THF) (pro analysis, Aldrich), acetone (analytical, Aldrich), flu-
orescence dye Nile Red (99%, Aldrich) and dexamethasone (DEX) (99%, Sigma
Aldrich) were used as received. Wedge-shaped sulfonic acid molecules, namely
4-N-[3’,4’,5’-tris-(dodecyloxy) benzamido] benzene-4-sulfonic acid (C12-H), 4-N-
[3’,4’,5’-tris-(decyloxy) benzamido]benzene-4-sulfonic acid (C10-H) and 4-N-[3’,4’,
5’-tris-(octyloxy) benzamido] benzene-4-sulfonic acid (C8-H) (Figure 3.1) were
synthesized according to a literature procedure. [31]
3.2.2 Synthesis of PVCL/AAEM/VIm microgels
The synthesis of PVCL/AAEM/Vim5% (VIm content 5 wt%) microgel was car-
ried out using a literature procedure. [17] VCL (1.783 g, 12.8 mmol), AAEM (0.321 g,
1.5 mmol), VIm (0.071 g, 0.075 mmol) and BIS (0.06 g, 0.39 mmol) were dissolved
in deionizer water, and the resulting solution was placed into a double-wall glass
reactor equipped with a stirrer and a reflux condenser. The solution was stirred
for 1 h at 70 ◦C under continuous purging with nitrogen. Afterwards, AMPA
(0.05 g, 0.18 mmol) dissolved in 5 mL water was added under continuous stirring.
The reaction was continued for another 8 h.
3.2.3 Modification of microgels by wedge-shaped molecules
VCL/AAEM/Vim5% microgel particles were isolated from the aqueous disper-
sion by centrifugation (10000 rpm, 10 min) and re-dispersed in THF. C12-H, C10-
H or C8-H (0.12 mmol) was dissolved in the microgel THF containing 0.12 mmol
imidazole units. The volume of the resulting dispersion was around 10 mL; it
was stirred overnight at room temperature to ensure the complete incorpora-
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tion of the wedge-shape molecules into the microgel. Subsequently, the modified
microgels PVCL/AAEM/VIm5%/(C12-H), PVCL/AAEM/VIm5%/(C10-H) and
PVCL/AAEM/VIm5%/(C8-H) were isolated by centrifugation and re-dispersed
in water.
(n = 8,10,12)
CnH2n+1O
CnH2n+1O
CnH2n+1O
O
NH SO3H
Figure 3.1: Chemical structure of wedge-shaped sulfonic acid molecules Cn-H.
3.2.4 Uptake of Nile Red by microgels
Different amounts of a stock solution of Nile Red (0.97 mg/ml in THF/acetone
1/2) were added to 3 mL of each microgel solution of a given concentration of
0.2 mg/ml to evaluate the dye uptake capacity of the modified microgels. The
resulting solutions were equilibrated in the darkness for 48 h, during this time
THF and acetone evaporated.
3.2.5 Uptake and release of DEX with microgels
25 mg DEX were dissolved in THF, followed by mixing with 2 mL THF solution
containing 12.95 mg microgel particles. The resulting mixture was stirred for 1 h
and then left in an open vessel overnight to evaporate THF. The drug loaded
microgels were then dispersed in 100 mL distilled water and kept at 25 ◦C, 37 ◦C
and 50 ◦C as releasing solutions. At regular time intervals, an aliquot (3 mL)
was taken from the releasing solution, filtered through a 0.2µm membrane filter
and measured by HPLC to determine the DEX concentration. The cumulative
amount of DEX released within 7 days was considered to be M∝.
3.2.6 Characterization
Hydrodynamic diameters of microgels were measured with the Zetasizer Nano
Series (Malvern Instruments) with NIBS (non-invasive back-scatter) technology
at a scattering angle of 173 ◦. The zeta-potential was measured with the same
35
3 Aqueous Microgels Modified by Wedge-Shaped Molecules
instrument by adjusting the pH value of the solution by addition of 0.01 M NaOH
or 0.01 M HCl. UV-Vis spectra of the Nile Red incubated microgel solutions were
recorded on a JASCO V-630 spectrophotometer from 400 – 800 nm and corrected
with the measurements of the corresponding control solutions prepared without
Nile Red. Band width was 1.5 nm, and the scan speed was 1000 nm/min.
Atomic force microscopy (AFM) images were taken using a Veeco Dimension
Icon AFM instrument operating in the tapping mode. Modified microgel samples
were spin-coated (1 min, 3000 rpm) onto hydrophilic silicon wafer (100) substrates
treated by cold plasma for 7 sec. Height and phase images were recorded simulta-
neously at a scan rate of 1 Hz. Fluorescence microscopy images were taken using
a Zeiss Axioplan 2 microscope equipped with an XBO 75 illuminating system
(Xenon lamp).
The concentration of DEX in the release experiments was determined by high
performance liquid chromatography (HPLC) (Agilent technology, 1200 series)
combined with a UV detector. The solvent for HPLC was the mixture of SDS
buffer and acetonitrile (65:35). The flow rate was 1 mL/min; the wavelength of
the detector was set at 242 nm. A calibration curve was obtained by measuring
the peak area at 10.4 min.
3.3 Results and discussion
The incorporation of wedge-shaped sulfonic acid molecules into the PVCL/AAEM
/Vim5% microgels was described in our previous studies and schematically demon-
strated in Figure 3.2. Briefly, the microgels synthesised in water were trans-
ferred into THF by a centrifugation/re-dispersion procedure, followed by adding
the THF solution of the acid molecules. Because of the acid-base interaction
between the sulfonic acid and imidazole groups, the internally hydrophobized
microgels PVCL/AAEM/VIm5%/(C12-H), PVCL/ AAEM/VIm5%/(C10-H) and
PVCL/AAEM/VIm5%/(C8-H) were obtained. The hydrodynamic diameters as
well as the size distributions of the microgels with or without modification mea-
sured at 20 ◦C and pH 6.5 are summarized in Table 3.1. We found that all the
modified microgel particles showed a good colloidal stability and a narrow size
distribution after re-dispersion into the aqueous media. Here we should note that
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the microgel sample PVCL/AAEM/VIm5%/(C12-H), which was modified by the
wedge-shaped molecules with the longest alkyl chain length, exhibited a much
smaller size as compared to the original particles, meanwhile, the modification
with C10-H and C8-H resulted in the increase of the particle size.
microgel
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N
2
CnH2n+1O
CnH2n+1O
CnH2n+1O
CONH SO3H
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3
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Figure 3.2: Microgels with hydrophobic nanodomains.
Apparently, the alkyl chain length which defines the size of the nonpolar
body of the wedge-shaped molecules and consequently the self-assembly of the
complexes with polybases [32] has a strong influence on the microgel structure.
In the case of C12-H, as already concluded in our previous work, the formation
of hydrophobic nanodomains due to the hydrophobic attractive force led to the
particle shrinkage. It seems that with the decrease of the alkyl chain length
the hydrophobic interaction between the wedges becomes not strong enough to
overcome the dehydration and entropy loss due to polymer chain contraction in
the microgels.
Microgels with incorporated wedge-shaped amphiphiles have been imaged in
a dry state using atomic force microscopy (AFM). Cross-sections of AFM height
images in Figure 3.3(a) indicate the dimension of individual collapsed microgels
on silicon oxide solid substrates. The maximum height gradually increasing with
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the alkyl chain length (ca.140, 160 and 180 nm for C8, C10 and C12 alkyl chain-
length, respectively); while the diameters of the collapsed microgels are ca.500 nm
for C8 and C10, and 400 nm for the microgels modified with C12 wedge molecules.
Table 3.1: Dynamic light scattering results obtained from microgels with and
without modification (T = 20 ◦C and pH = 6.5). Dh – hydrodynamic diameter,
PDI – polydispersity index.
Samples Dh, nm PDI
PVCL/AAEM/VIm5% 909 0.08
PVCL/AAEM/VIm5%/(C12-H) 786 0.06
PVCL/AAEM/VIm5%/(C10-H) 1085 0.13
PVCL/AAEM/VIm5%/(C8-H) 1083 0.07
The aspect ratio of the collapsed microgels is in agreement with the earlier
AFM study on thermoresponsive copolymer microgel particles made of poly(N-
isopropylacrylamide)-co-vinylacetic acid. [33] We note that in contrast to this pre-
vious work which revealed a 100 nm-scale topographical heterogeneity of the col-
lapsed microgel particles, in our work the collapsed microgel particle has a smooth
surface (Figure 3.3(a)) which presumably indicates a good compatibility of the
microgel compartiments under studied conditions.
The respective phase AFM images of the modified microgels suggest additional
information regarding the structural heterogeneity of the microgel particles. In
particular, the dashed circles in Figure 3.3(b) – 3.3(d) highlight the hydrodynamic
radius (Table 3.1) of modified microgels which is∼ 50% larger as compared to that
of the collapsed ones. Additionally, the area between the dashed lines and the
collapsed particles exhibit a slight negative phase shift (about 3 ◦ relative to the
bare substrate) which may indicate the initial size of the microgel in a swollen
state just after the contact with the surface. We note that the spherical 10 –
50 nm-sized objects in the phase image in Figure 3.3(b) are not the evidence of a
topographical heterogenity; they rather indicate a compositional heterogenity of
the sparse microgel shell. These objects are not resolved in the height images of
the collapsed microgels (Figure 3.3(a)), suggesting that their dimension in Z-axis
is below 1 nm. We attribute them to the “soft attractive traces” in the microgel
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shell which are aggregated after the drying process. These soft round objects are
almost vanish for microgel modified with C10 and C12 molecules (Figure 3.3(c)
and 3.3(d)) suggesting their strong aggregation within the microgels.
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Figure 3.3: Cross-sections of AFM height images (a) and phase images (phase
shift scale is 20 ◦) (c-d) of PVCL/AAEM/VIm microgels modified with 5% of amph-
philic wedge-shaped molecules with the varied alkyl-chain length: C8-H (b), C10-H
(c) and C12-H (d).
The VCL/AAEM/VIm microgel particles are thermo-sensitive with a reversible
dramatic volume change at about 33 ◦C due to the destruction/formation of hy-
drogen bonds and hydrophobic interactions between the polymer chains. Figure
3.4 presents the variation of the average hydrodynamic diameter with temperature
for the microgel samples. In contrast to the original ones, the modified microgels
showed no significant sharp volume change with temperature. Interestingly, the
particle size of PVCL/AAEM/VIm5%/(C8-H) and PVCL/AAEM/VIm5%/(C12-
H) was almost independent on the temperature, while the microgel modified with
C10-H showed a gradual shrinkage while the temperature increased. At room
temperature the size of PVCL/AAEM/VIm5%/(C10-H) microgel was nearly the
same as PVCL/AAEM/VIm5%/(C8-H), and at 60
◦C it was reduced to the size
of PVCL/AAEM/VIm5%/(C12-H). It seems that the PVCL chains do not col-
lapse after the dehydration, because the hydrophobic interaction is hindered due
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to the hydrophobic environment created by the finely distributed hydrophobic
domains. In addition, we suppose that C12-H molecules form aggregated hy-
drophobic nanodomains, while the hydrophobicity of C8-H is not high enough for
them to associate. C10-H molecules have a critical alkyl chain length which allows
hydrophobic groups to aggregate in the microgels at high temperature when the
dehydration of the PVCL chains takes place.
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Figure 3.4: Hydrodynamic diameter of original and C12-H, C10-H and C8-H
modified microgel samples as a function of temperature.
Further we studied the effect of pH values on the particle size of different mi-
crogels. Because of the presence of basic imidazole units, the VCL/AAEM/VIm
microgel particles were pH sensitive; they exhibited the maximum size at pH = 4
which corresponded the maximum ionization of the imidazole units (Figure 3.5(a)).
The electrophoretic mobility data of the unmodified microgels indicated that the
VIm functionalized microgels were positively charged in the acidic region caused
by the ionization of VIm units. The increase of pH value led to the gradual
reduction of the particle charge (Figure 3.5(b)). On the contrary, all the micro-
gels modified with wedge-shaped molecules showed much weaker pH-sensitivity
in the pH range of 3 – 9 as a result of the interplay between the hydrophobic
interaction and the system charge. All the microgels samples modified exhibited
strong negative surface charge in the whole studied pH range. We assume that
the non-compensated negative charge might be the result of the delocalization of
negative charge from sulfonate groups in the presence of water.
Nile Red, which is well known as a solvatochromic fluorophore, has been
widely used as a polarity probe or an active element of a sensor in a variety of
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chemical and biophysical environments. [34–36] This dye was used in the present
study as a hydrophobic substance as well as a probe to investigate the structure
of the nanodomains inside the modified microgels. In the previous work we have
demonstrated that the hydrophobic dye could be successfully sequestered inside
the hydrophobic pockets of the microgels.
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Figure 3.5: (a) Hydrodynamic diameter of unmodified and C12-H, C10-H and C8-
H modified microgel samples as a function of pH (T = 20 ◦C). (b) Electrophoretic
mobility of unmodified and C12-H, C10-H and C8-H modified microgels as a function
of pH.
By using fluorescence microscopy, the uptake of the dye molecules in the mod-
ified microgel particles could be clearly observed (Figure 3.6(a)). We evaluated
the capacity of the microgels modified with different wedge-shape molecules in
the dye uptake at 20 ◦C. From the experimental data shown in Figure 3.6(b) we
calculated the molar ratios of dye molecules to wedge-shaped molecules at satu-
ration: Nile Red/C12-H = 0.29, Nile Red/C10-H = 0.17 and Nile Red/C8-H = 0.09.
It can be seen that the amount of Nile Red, which can be incorporated into the
hydrophobic domains of the microgels, increased with the increase of the alkyl
chain length (Figure 3.6(b)).
It is also known that Nile Red has a remarkable solvatochromic property in
both absorption and emission, i.e. both absorption and emission spectra shift
to lower wavelength area (blue shift) as the hydrophobicity of the surround-
ing environment increases. [37] The microgels which were fully loaded with Nile
Red were studied by UV-vis spectroscopy at different temperature. The dye
concentration was 3.0µg/mL for PVCL/AAEM/VIm5%/(C8-H), 4.0 µg/mL for
PVCL/AAEM/VIm5%/(C10-H), and 6.4µg/mL for PVCL/AAEM/VIm5%/(C12-
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Figure 3.6: Fluorescence microscopy image of Nile Red loaded microgel
PVCL/AAEM/VIm5%/(C10-H). (b) Peak intensity of absorbance spectra at
λmax plotted vs dye concentration in the system. (T = 20
◦C, λmax for PVCL/
AAEM/VIm5%/(C8-H) is 569 nm; for PVCL/AAEM/VIm5%/(C10-H) – 564 nm,
and for PVCL/AAEM/VIm5%/(C12-H) – 561.5 nm).
H). The dependence of the peak position and intensity of the modified microgels
on temperature is presented in Figure 3.7. First of all, the blue shift of the ab-
sorbance peak of Nile Red incorporated in these microgel samples was observed
from C8-H to C12-H, indicating the increasing hydrophobicity.
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Figure 3.7: (a) Temperature dependence of λmax (a) and peak intensity (b) of
absorbance spectra of dye loaded microgels.
Another characteristic feature of Nile Red, in addition to its solvatochromic
property, is thermochromism of the fluorescence spectra. [38,39] The increase of
temperature normally results in a blue shift of the emission spectra of Nile Red,
but rarely affects the absorption spectra. However, the Nile Red incorporated in
the microgels showed a clear blue shift upon heating which might be attributed
to the more hydrophobic interior due to dehydration at higher temperature. Fur-
42
3.3 Results and discussion
thermore, for the C12-H modified microgel, the intensity of the peak increased
with the increase of temperature, meanwhile, almost no change was observed for
the C10-H and C8-H modified microgels.
Table 3.2: Values of constant (k), release exponent (n) and correlation coefficient
(r2) following linear regression of release data.
Samples T , ◦C k n r2
PVCL/AAEM/VIm5%
25 0.005 0.86±0.03 0.99
37 0.028 0.65±0.05 0.96
50 0.052 0.56±0.06 0.94
PVCL/AAEM/VIm5%/(C8-H)
25 0.012 0.67±0.02 0.99
37 0.007 0.78±0.04 0.98
50 0.015 0.70±0.03 0.99
PVCL/AAEM/VIm5%/(C10-H)
25 0.015 0.63±0.02 0.99
37 0.019 0.64±0.05 0.96
50 0.033 0.56±0.02 0.99
PVCL/AAEM/VIm5%/(C12-H)
25 0.009 0.70±0.02 0.99
37 0.015 0.65±0.03 0.99
50 0.030 0.56±0.03 0.98
Microgels are considered to be a potential candidate for drug delivery. To
explore the applicability of the presented model system microgels containing
hydrophobic nanodomains as a drug carrier, we used dexamethasone (DEX)
as a model drug. DEX was mixed with the microgel particles by dispersing
in a common solvent THF and by subsequently removing the solvent. DEX
which has not been encapsulated into the microgels is released immediately af-
ter dispersing the DEX-microgel mixtures into water. In this way, we calcu-
lated the loading capacity of DEX in different microgels. It was found that
1.0 g of non-modified microgel could encapsulate 1.0 g of DEX, 1.0 g of PVCL/
AAEM/VIm5%/(C8-H)-1.5 g, 1.0 g of PVCL/AAEM/VIm5%/(C10-H)-1.5 g and
1.0 g of PVCL/AAEM/VIm5%/(C12-H)-1.6 g. Apparently, the loading capacity
of the modified microgels is much higher than that of the original one, however,
it is almost independent on the alkyl chain length.
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Figure 3.8: In vitro release pro-
files of DEX from PVCL/AAEM/
VIm5% microgels non-modified
and modified by wedge-shaped sul-
fonic acid molecules with different
alkyl chain lengths in water at
25 ◦C (a), 37 ◦C (b) and 50 ◦C (c).
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The in vitro release profiles of DEX from the microgels at different temper-
atures are showed in Figure 3.8. We used the model proposed by Korsmeyer et
al. [40] to describe the release profile of DEX from the microgels: Mt/M∝= k·tn
where Mt/M∝ is the fraction of drug released up to time t, k is the diffusion
rate constant, t is the release time, and n is the release exponent indicative of the
mechanism of release. The k and n values estimated from fitting the experimental
data of the first 8 h are summarized in Table 3.2
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From Figure 3.8 and Table 3.2 it can be seen that the incorporation of hy-
drophobic domains into the microgels slows down the drug release process, how-
ever, it does not alter significantly the release mechanism. At 50 ◦C the n values of
most microgels except PVCL/AAEM/VIm5%/(C8-H) are close to 0.5, indicating
that Fickian diffusion is the rate-controlling step. At 20 ◦C and 37 ◦C, however,
the n values lie between 0.5 and 1.0; this may imply that both diffusion and
polymer relaxation contribute to the release kinetics. [41] It seems that at lower
temperature the internal structure of the microgels can possibly be dependent on
the loaded amount of DEX. The rate constant k, as expected, increases with the
increasing of the temperature.
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3.4 Conclusion
A series of water-insoluble wedge-shaped sulfonic acid molecules with different
alkyl chain lengths have been incorporated into poly (N-vinylcaprolactam-co-
acetoacetylethyl methacrylate-co-vinylimidazole) microgels via acid-base interac-
tion between imidazole units and sulfonic acid groups. The modified microgels
containing hydrophobic nanodomains in their interior could retain their colloidal
stability in water. Our experimental results demonstrated that the alkyl chain
length affected both the particle size and the environmental sensitivity of the mi-
crogels. Nile Red was incorporated into the modified microgels, and the optical
properties of the dye-loaded microgels confirmed the difference in hydrophobicity
among different samples. The dye-loaded microgel particles also showed a ther-
mochromic effect being sensitive to the alkyl chain length of the wedge-shaped
molecules. Further, in the loading and in vitro releasing experiments with dexam-
ethasone, the modified microgels exhibited a larger loading capacity and a lower
release rate than the unmodified microgel; meanwhile, the release mechanism
remained almost unchanged.
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4Hierarchically Ordered Supra-
molecular Complexes of Wedge-
Shaped Sulfunic Acid Molecules
with ABC Terpolymer
In this chapter, the morphology of terpolymer poly(butadiene)-b-poly(2-vinyl
pyridine)-b-poly(tert-butyl methacrylate) (B3.9V1.0T
136
2.1 ) and its complexes with
wedge shaped amphiphilic molecules (with amphiphilic ligands) are studied in
thin films using SFM and FTIR spectroscopy. The morphological behavior of
the terpolymer which forms a lamella structure in bulk is found to be depen-
dent on the film thickness. A striped pattern of up-standing lamella in ultrathin
films transforms with increasing film thickness to worm-like cylinders and finally
to lamellae-in-lamellae structure when the thickness approaches a characteristic
dimensions of (B3.9V1.0T
136
2.1 ) lamella phase. Further, the microphase separation
is effectively tuned by complexation of poly(2-vinylpyridine) block with wedge-
shaped sulfonic acid molecules so that thin films structures showed a clear de-
pendence on the degree of complexation with the ligand.
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4.1 Introduction
Self-assembly of block copolymers is a promising and low-cost route towards fab-
rication of hierarchically structured functional surfaces and patterns. [1–6] Block
copolymers are composed of two or more immiscible polymer blocks, which co-
valently link together. The incompatibility of different blocks provides the short
range repulsion which drives the phase segregation of the blocks into microdomains
with mesoscopic length scales of 10 – 100 nm. For diblock copolymers, thermody-
namic incompatibility between A and B blocks induces microphase separation,
where the contact between similar and dissimilar blocks are maximized and min-
imized, respectively. In mean field, two parameters govern the phase behavior
of diblock copolymers: volume fraction φ and Flory-Huggins interaction param-
eter χ, which can result in a series of microphase sepreated strucutures such as
lamelle, gyroid, cylinder, etc. Matsen et al [7,8] have calculated a phase diagram
of microphase separated structures of a diblock copolymer which depending on φ
and χ forms spheres, cylinders, gyroid or lamella structutes. (Figure 4.1)
In contrast to diblock copolymer systems, the microphase separation of ter-
polymers is governed by greater number of interaction parameters, which makes
them promising candicates for functional materials [9–11] However, the phase be-
havior of terpolymers is generally much more versatile, [12] since the resulting
microphase separated structures are determined by several independent compo-
sition variables: the volume fractions (φA, φB, φC), the three interaction pa-
rameters (χAB, χBC , χAC), the respective interfacial tensions (γAB, γBC , γAC)
and other factors such as chain topology. [13–16] Extensive work on terpolymers
have been reported in the last dacades. Stadler et al. discribed the microphase
separated structures and morphological transitions of terpolymer polystyrene-b-
poly(ethylene-b-buty1ene)-b-poly(methyl methacrylate) (SBM) in bulk as a func-
tion of the volume composition. [17–20] Ludwigs et al. have also reported the par-
ticular phase behavior of terpolymer poly(styrene)-b-poly(2-vinylpyridine)-b-poly
(tert-butyl methacrylate) (SVT) and summarized the molecular parameters of the
experimentally investigated polymers which induced different morphologies. [21–23]
F. Schacher et al. syntheised series of terpolymers polybutadiene-b-poly(2-vinylpy
ridine)-b-poly(tert-butylmethacrylate) (BVT) and characterized the morpholo-
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gies in details. [24–28] Depending on microphase seperation, the morphologies of
BVT vary from lamellae-in-lamellae (LL), cylindrical (CYL), a mixture of gy-
roidal and lamellar (GYR/LL), to cylindrical morphologies with a non-continuous
P2VP shell (spheres on cylinders and helices on cylinders).
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Figure 4.1: Phase diagram of self-assembled structures in AB diblock copolymer
melt, predicted by self-consistent mean filed theory and conformed experimen-
tary. [8,29]
It is well established that in thin films the microphase separation of block
copolymers is primarly detached by the enhanced role of surface/interfacial en-
ergetics, as well as by the interplay between the characteristic block copolymer
spacings and the film thickness. Additionally, dynamic effects such as low chain
mobility should be taken into account. In order to equilibrate the films, thermo-
annealing or solvent vapor annealing have been applied. Also more sophisti-
cated approachs, such as gradient combinatorial approach have been used to
investigate thin film structures, for example, of terpolymers, e.g. SVT. [30–33] In
this case, exploitation an effective method to simplify the analysis of terpoly-
mer and promote the dynamic equilibrium will be expected. Therefore, in this
work, we applied controlled vapor annealing to study the morphologies of ter-
polymer poly(butadiene)-b-poly(2-vinylpyridine)-b-poly(tert-butyl methacrylate)
(B3.9V1.0T
136
2.1 ) as a function of film thickness.
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Figure 4.2: Phase diagram of self-assembled strucutres in SBM terpolymer, pre-
dicted by self-consistent mean filed theory and conformed experimentary. [17,18]
The advantages of the microphase separated structures from BVT terpolymer,
is that they display a high degree of functionality when the block PT can serve as
a matrix, another block PB as a removable component, and the third block PV
for chemical modification or complexation depending on the targeted application.
One of the potentials in fabrication of nanostructured supramolecular materials is
a possibility to additionaly functionalize the nanostructure by forming complexes
of a low molecular weight ligand with PV block via noncovalent interactions such
as ionic interaction, coordination interaction, or hydrogen bonding. [34–37] As is
well known, the polymer chains and the ligands combine to form comb-shaped
supramolecules (“complexes”), which in turn self-assemble into some remark-
able structures, such as lamellae in lamellae, sometimes cylinder in lamellae, etc.
In addition, incorporation of the low molecular weight ligands may adjust the
incompatiblity and dynamic equilibrium of the systems, resulting in more well-
defined structures. [38–41] In the previous work, our group has reported several
supramolecular complexes based on the complexation of low molecular weight
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ligand with homopolymer poly(4-vinylpyridine)(P4VP) [42,43] and diblock copoly-
mer poly(2-vinylpyrydine)-b-poly(ethylene oxide) (P2VP-b-PEO) copolymer. [44]
The resulting complexes can self-assemble into lamellar or columnar structure
depending on the degree of neutralization (DN).
In this work we study microphase separated structure of the bicomponent sys-
tem composed of wedge-shaped sulfonic acid molecule and terpolymer B3.9V1.0T
136
2.1
via proton transfer at different DN. Since the neutralization enthalpy of polyvinyl
pyridine units with sulfonic acids by far exceeds the entropy contribution of chain
stretching, the formation of elongated structures containing at least partially
stretched polymer chains in their interior is a thermodynamically allowed pro-
cess. Scanning force microscopy (SFM) is mainly applied to investigate structure
of terpolymer and its complexes films.
4.2 Experimental
4.2.1 Materials
Sodium of 4-[3’,4’,5’-tris(octyl)benzoyloxy]azobenzene-4-sulfonate (TOBAS) was
synthesized according to the procedure described elsewhere. [42] Terpolymer poly
(butadiene)-b-poly(2-vinylpyridine)-b-poly(tert-butylmethacrylate) (B3.9V1.0T
136
2.1 )
was synthesized by the sequential living anionic polymerization as described
in detail elsewhere. [24] The each block of the terpolymer has the molar ration
of PB: PV: PT = 3.9: 1.0: 2.1 and the total number average molecular weight is
Mn = 136 kg mol
−1. Gel permeation chromate-graphy of the final block copoly-
mer yields a polydispersity of Mw/Mn = 1.02. Silicon wafers (100) were pur-
chased from CrysTec GmbH. Syringe filters (0.2µm, PTFE) were obtained from
Wheaton. Acetone (AnalaR NORMAPUR ACS, zur Analyse, VWR), isopropanol
(AnalaR NORMAPUR ACS, zur Analyse, VWR), ethanol (AnalaR NORMA-
PUR ACS, zur Analyse, VWR), chloroform (AnalaR NORMAPUR ACS, zur
Analyse, VWR) diisopropyl ether (AnalaR NORMAPUR ACS, zur Analyse,
VWR), benzene (AnalaR NORMAPUR ACS, zur Analyse, VWR) and ion-exchange
resin (amberlyst 15, Aldrich) were used as received.
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4.2.2 Polymer complex preparation
The synthesis of polymer-sulfonic acid complexes is outlined in Figure 4.3. A
solution of sodium of TOBAS (10 mg) in diisopropyl ether (10 mL) was shaken
over night with ion-exchange resin (1 g). Subsequently, the resulting solution
was filtered through a glass filter (pore size 4), and the ion-exchange resin was
washed three times with diisopropyl ether (5 mL). The combined filtrates were
added to a well-stirred solution of B3.9V1.0T
136
2.1 (30.7 mg for complex DN = 1.0;
61.4 mg for complex DN = 0.50, 122.8 mg for complex DN = 0.25) in chloroform
(concentration of the copolymer was always 0.50 mg/mL). The resulting solution
was stirred for an additional 2 h. Then the solvent was removed on a rotary
evaporator. The products were dried in vacuum at 40 ◦C. Yield: 95%.
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Figure 4.3: Synthesis of B3.9V1.0T
136
2.1 /(TOBAS)DN complexes of poly(butadiene)-
b-poly(2-vinylpyridine)-b-poly(tert-butyl methacrylate) (B3.9V1.0T
136
2.1 ) with wedge-
shaped sulfonic acid molecules TOBAS. DN: degree of neutralization.
4.2.3 Film preparation
Silica wafers were cut into pieces of 15×15 mm2 and cleaned by sonication in
acetone, water, and isopropanol for 2 min each, followed by drying in a stream of
nitrogen. Stock 20 g/L solutions of pure terpolymer B3.9V1.0T
136
2.1 and the corre-
sponding complexes B3.9V1.0T
136
2.1 /(TOBAS)DN were prepared in chloroform and
then filtered through 0.2µm PTFE syringe filters. Films were obtained by spin-
coating on cleaned substrates from the polymer solution with a speed of 1500 rpm.
The effect of the polarity of the surface has been examined by UV/ozone treat-
ment for 12 min of the silicon surface. For equilibration the samples were exposed
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to the saturated benzene vapor in a closed vessel at room temperature. The du-
ration of the exposure was varied. After solvent vapor exposure, the samples were
dried with nitrogen at room temperature.
4.2.4 Techniques
Scanning Force Microscopy (SFM). SFM studies were conducted using a Nano-
scope III from Digital Instruments operating in the tapping mode. Standard
silicon cantilevers were used (PPP-NCH from Nanosensors) with a spring con-
stant k≈ 42 N/m and an oscillation frequency f 0≈ 330 kHz. Height and phase
images were recorded simultaneously at a scan rate of 0.8 Hz. All measurements
were performed at amplitude A0 of the freely oscillating cantilever of 30 – 50 nm.
Setpoint amplitudes Asp were in the range of 0.85 – 0.95 A0 and 0.35 – 0.45 A0,
corresponding to light-tapping and hard-tapping conditions, respectively. The
in-plane average center-to-center distance L was determined from the position
of the maximum of the power spectral density (PSD) of the height and phase
image. The PSD was calculated using the Nanoscope software (version 5.12r3).
The uncertainty in the lateral dimensions was estimated as a half-width of the
peak in PSD.
Fourier Transform Infrared Spectroscopy (FT-IR) spectra were recorded on a
Nicolet 710 FT-IR spectrometer. A few milligrams of dried samples was mixed
with potassium bromide (KBr) and then used for the examination.
Ellipsometry. Film thicknesses were determined using a MM-SPEL-VIS ellip-
someter from OMT. The silicon substrates were examined with a spectral method
in the wavelength range from 450 to 900 nm. The azimuthal angle was kept at
15 ◦. The integration time was dependent on the layer thickness and the resulting
signal intensity. The main source for systematic errors during the measurements
is the correct position of the sample. This results in uncertainties in both the
angle of incidence and the azimuthal angle. This error has been minimized by
measuring all samples within one session right after another with exactly the
same geometry of the device and positioning of the sample holder. Each single
measurement averaged over the area of 3×5 mm2. In addition, to further reduce
systematic errors in the data collection, always a clean substrate was measured
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as reference for a series of experiments. Statistic errors are thus small and have
been evaluated by measuring on each sample five different areas.
Air plasma. PB block was removed by expose the film of terpolymer B3.9V1.0T
136
2.1
in air plasma (1 mbar, 18 W, PDC-32 G, Harrick) for 15 seconds.
4.3 Results and discussion
4.3.1 Morphology of terpolymer B3.9V1.0T
136
2.1
Prior to investigate the complexes, the films of pure terpolymer B3.9V1.0T
136
2.1
were studied by SFM in details. In bulk this polymer forms a complex lamellar
structure with a long period of 86±8 nm. The morphology in confined geome-
try is known to be film thickness depended. In this work, films of terpolymer
B3.9V1.0T
136
2.1 with different thickness were prepared by spin-coating the chloro-
form solutions on the cleaned silicon substrates. The thickness was measured
by ellipsometry ranging from 32.6 to 85.5 nm. According to SFM images in Fig-
ure 4.4(a), the morphology of fresh-casted B3.9V1.0T
136
2.1 film with a thickness of
32.6 nm shows a poorly-ordered microphase separated pattern which results from
a fast quenching with a selective solvent. In order to equilibrate the structures,
films were subjected to annealling in benzene vapor for 12 h.
The thickness of dried films increases by 3 – 5 nm after annealing, presumably
due to the residual solvent in the films. The morphology of the annealed films is
presented in Figure 4.4(b). In contrast to the fresh-casted one, the annealed film
displays a well-ordered structure with striped pattern. In accordance with the
volume composition of terpolymer B3.9V1.0T
136
2.1 and the incompatibility between
the blocks, it is argued that the higher area in the height image (light color)and
the soft area in the phase image (dark color) are attributed to PB block, while the
converse area corresponds to PT block. PV block, with the lowest content of the
terpolymer, is supposed to arrayed at the bottom of the PB block. The periodicity
of the striped pattern was evaluated by Fourie Transfomation Analysis of the
images to 84.7 nm which is in good agreement with the bulk structure. Power
spectral density (PSD) curve with the characteristic peaks at integer multiples
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(c)
(b)
(a)
Figure 4.4: SFM height (left) and phase (right) images of B3.9V1.0T
136
2.1 films as
prepared (a) and after benzene vapor annealing (b) with a thickness of 32.6 nm.
Scan size is 5×5µm2. (c) is the high resolution of (b) with a scan size of 2×2µm2.
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?10-20 nm ?10-20 nm
?10-20 nm
(a) (b) (c) (d)
?10-20 nm
Figure 4.5: SFM height (left) and phase (right) images of BVT films after benzene
vapor annealing for the different thickness of the films. Scan size for (a),(c),(c) is
8×8µm2 and for (d) is 10×10µm2.
Figure 4.6: High resolution SFM height and phase images of B3.9V1.0T
136
2.1 films
for the formed worm-like structure. Scan size is 2×2µm2.
of the first order peak and the relative reflex positions 1 : 2 : 3 : 4, elaborates the
formation of standing lamellar structure.
The morphology of terpolymer B3.9V1.0T
136
2.1 films varies with the increase of
the film thickness. Figure 4.5 depicts the transformation procedure with the
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Figure 4.7: The PSD curves of thinner (a) and thicker (b) films.
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Figure 4.8: Proposed morphological model of terpolymer B3.9V1.0T
136
2.1 films with
different thickness.
thickness from 40 nm to 80 nm. Figure 4.5(a) – 4.5(c) exhibit the similar striped
pattern to the previous observation(cf . 4.4(b)) despite a small variation in the
period of the stripes. Interestingly, some worm-like nanodomains are discernible
when the thickness increase to 80 nm. The period of this structure is calculated
to be 90.2 nm, which is much larger than that of the thinner films. As seen from
the high resolution image in Figure 4.6, on the top layer of the “worms” are some
small stripes, which disperse perpendicularly to the “worms” orentation direction.
In terms of the incompatibility of each block, this microphase separated structure
can be described as follows: PB block corresponds to the core of “worms”, and
the incompatible PT and PV components surround PB compartment to form
the alternate rings. The proposed model is shown in Figure 4.8. Remarkably, in
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higher area, some slender stripes appear with a rather lower period. However,
with light tapping mode, the details of this structure can not be distinguished.
(a)
(b)
Figure 4.9: The height (left) and phase (right) images of the thick film (85 nm)
of the BVT(a) and the etched sample (b). Scan size is 2×2µm2.
In order to analyse this structure, a much thicker film with a thickness of
85.5 nm was prepared and a hard tapping mode was applied in SFM measurement.
In Figure 4.9(a), a sub-structure with well-ordered striped pattern is observed.
It can be conformed that the top layer of this structure is presented PB block in
accordance with its low surface tension.
To further elucidate the transformation of above structure, PB block was
removed by exposing the films to air plasma. The morphology of the resulting
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films was also proved with SFM. As can be seen from Figure 4.9(b), the striped
pattern can be easily distinguished in the height image, while the phase image
reveals a mixture of soft and hard spots within the stripes. In terms of the
volume fraction, the soft and hard spots correspond to the residual PB block and
PT block, respectively. While, PV block, still remains in the bottom of the above
two components due to its high incompatibility. The proposed model is presented
in Figure 4.8.
4.3.2 Morphology of supramolecular complexes
Diazo-containing wedge-shaped sulfonic acid molecule namely 4-[3’,4’,5’-tris(octyl)
benzoyloxy]azobenzene-4-sulfonic acid (TOBAS) was linked to the terpolymer
system via acid-base interaction between the sulfonic acid and pyridine groups of
PV block. The supramolecular complexes B3.9V1.0T
136
2.1 /(TOBAS)DN (DN = 0.25,
0.50 and 1.0) were prepared according to the literature procedure, i.e. by mix-
ing the diisopropylether solution of the acid with the choloroform solution of
corresponding amounts of terpolymer B3.9V1.0T
136
2.1 and by subsequently evapo-
rating the solvent. Here “DN” denotes the theoretical degree of neutralization,
i.e., the molar fraction of present vinylpyridine monomer units that can become
protonated by the added amount of ligand molecules.
FT-IR spectroscopy was applied to identify the formation of the complexes in
bulk via analysis of the proton-transfer process. Because of the chemical insta-
bility of sulfonic acid (TOBAS) in the dried state, its sodium salt (TOBAS-
Na) has been used as a reference. Figure 4.10 shows FTIR spectra of the
B3.9V1.0T
136
2.1 /(TOBAS)DN complexes (DN = 0.25, 0.50, and 1.0) and for compar-
ison the spectra of pure terpolymer B3.9V1.0T
136
2.1 and wedge-shaped sulfonic acid
sodium salt (TOBAS-Na). Similar to the literature, the stretching band of the
pyridine ring of B3.9V1.0T
136
2.1 at 994 cm
−1 disappears gradually with the increasing
of the protonation degree. This band is replaced by other two peaks located at
1008 and 1032 cm−1 (Figure 4.10(a)). The spectra recorded at 1520 – 1680 cm−1
shows that the band for the pure polymer at 1570 cm−1 has been replaced by a
band at 1633 cm−1 for the protonated complexes (Figure 4.10(b)). This new band
appearing at 1633 cm−1 is quite broad and obviously splits into two distinct bands
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as the degree of neutralization is enhanced. Thus, FT-IR analysis demonstrated
the formation of the supramolecular complexes B3.9V1.0T
136
2.1 /(TOBAS)DN .
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Figure 4.10: FTIR spectra recorded in the 930 – 1100 cm−1 (a) and 1520 –
1650 cm−1 (b) regions obtained from B3.9V1.0T1362.1 /(TOBAS)DN, DN = 0.25, 0.50,
1.0, B3.9V1.0T
136
2.1 , and TOBAS-Na.
Since PV block forms an interlayer between the aligned sulfonic acid molecules
with a volume fraction controlled by the stoichiometry, we may consider the
interlayer as a fourth microphase in this system. In the previous work, a model
structure of PEO-P2VP/(TOBAS)DN was proposed, in which a polar PEO block
(A) and P2VP backbone (B) were sandwiched by the nonpolar ligands (C). Hence,
the main separation is between C and A/B, while the polymers A and B being
rather compatible. In our case, the microphase separation depends not only
on the volume fraction, but on the imcompatibility between the side block PB
and the middle block PV, which make the system more complicated. The films
of the complexes were deposited onto the polished silicon substrates by spin-
coating from the chloroform solutions with a concentration of 10 g/L. The film
thickness of the original complexes was measured by ellipsometry as 72.7 nm for
DN = 1.0, 75.5 nm for DN = 0.50 and 83.2 nm for DN = 0.25. Note that at a given
solution concentration the films formed by the complexes have a thinner thickness
than the pure terpolymer B3.9V1.0T
136
2.1 films 85.5 nm. It is speculated that the
presence of low molecular weight ligands alters the viscosity or the shape of the
meniscus bridging the bulk solution and the substrate, which may dilute the
deposited amount during the spin-coating procedure. On the other hand, due to
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the incorporation of the ligands, the arrangement of each segment of the system
may alter the thickness.
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Figure 4.11: SFM height (left) and phase (right) images of the complex B3.9V1.0
T1362.1 /(TOBAS)1.0 as prepared (a) and after 16 h benzene annealing (b). Z range
is 5.9 nm for (a) and 15.7 nm for (b) height images. Phase scale is 16.4 ◦ for (a)
and 11 ◦ for (b). Scan size is 1×1µm2. The graphs below the height image are the
cross section profiles along the horizontal line as indicated.
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The morphology of the complexes films as freshly casted is illustrated in Figure
4.11(a) – 4.13(a). All the complexes show well-defined structure, which is different
from the disordered morphology of pure terpolymer B3.9V1.0T
136
2.1 (Figure 4.4(a)).
Presumably, the incorporation of the wedge-shaped sulfonic acid ligands alter the
surface energy of the films and the volume fraction of each segments, subsequently
provide a thermal equilibrium. For B3.9V1.0T
136
2.1 /(TOBAS)1.0, a striped pattern
with some fine-ordered structures between the strips develops, which cannot be
observed from the pure terpolymer. Thus, we attribute this observation to the
complexation of PV block and wedge-shaped sulfonic acid ligand. PSD curve of
the films shows two relative reflections located at 34.8 nm and 69.7 nm. Their
ratio is found to be 1 : 2 and they can be attributed to be (100), (200) reflection
of lamellar structure. Based on the previous analysis of the pure terpolymer, the
microphase seperated structure can be discribed as follows: the softer block PB
and the matrix PV/(TOBAS)1.0 form the alternative lamellar layers on the top of
the films. While PT block shifts to the bottom of the layer formed by the above
two components. For a dynamic equilibration, the original film was annealed by
exposing to a saturated atmosphere of a nonselective solvent benzene at room
temperature for 16 h. For the treated film of complex B3.9V1.0T
136
2.1 /(TOBAS)1.0,
the worm-like structure on the top layer can not be easily distinguished. Further,
although the striped pattern still exists, the period increases to 92 nm, which is
much larger than that of the non-treated one. It is because the molecular chains
of PV/(TOBAS)1.0 matrix are more stretched during a long equilibrition, i.e. a
release of the kinetically trapped conformational stress arises from the annealing
process.
Compared to B3.9V1.0T
136
2.1 /(TOBAS)1.0, the structure of B3.9V1.0T
136
2.1 /(TOBA
S)0.50 alters significantly. The inner worm-like strucuture formed by B3.9V1.0T
136
2.1 /
(TOBAS)1.0 is not vesible, which is replaced by a two-phase separated struc-
ture (Figure 4.12(a)). It indicates that lower DN reduces the incompatiblity of
PV/(TOBAS)0.50 matrix with PB block. In addition, the lower DN also de-
creases the period of the structure to 62.5 nm. After a long time equilibration,
well-ordered stripes appear, as seen in Figure 4.12(b). The period of the stripes
is 83.3 nm, which is much larger than that of the non-treated one. This is also
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Figure 4.12: SFM height (left) and phase (right) images of the complex B3.9V1.0
T1362.1 /(TOBAS)0.50 as prepared (a) and after 16 h benzene annealing (b). Z range
is 5.6 nm for (a) and 25.8 nm for (b) height images. Phase scale is 4.5 ◦ for (a) and
4.4 ◦ for (b). Scan size is 2×2µm2. The graph below the height image is a cross
section profile along the horizontal line as indicated.
due to the stretching of molecular chains of PV/(TOBAS)0.50 matrix during the
vapor annealing procedure.
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Figure 4.13: SFM height (left) and phase (right) images of the complex B3.9V1.0
T1362.1 /(TOBAS)0.25 as prepared (a) and after16 h benzene annealing (b). Z range
is 6.4 nm for (a) and 7.6 nm for (b) height images. Phase scale is 6.7 ◦ for (a) and
5.1 ◦ for (b). Scan size is 2×2µm2. The graph below the height image is a cross
section profile along the horizontal line as indicated.
When it comes to the freshly-casted films of complex B3.9V1.0T
136
2.1 /(TOBAS)0.25,
the striped patten still exists. Somehow differently, the dark area in the phase
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image, corresponding to the hard compounent, changes larger than that of the
above two samples (Figure 4.13(a)).
After benzene annealing, it is noteworty that the higher area in the height
image corresponds to the dark area, e.g. the hard component, which is so-called
phase conversion (Figure 4.13(b)). It is because at a given DN, the incorpora-
tion of ligand molecule decreases the surface tension of PV/(TOBAS)0.25 matrix,
which makes it lower than that of PB block. FFT analysis conforms the for-
mation of core-shell cylinder structure (Figure 4.13(b)). The in-plane average
center-to-center distance L of the cylinders equals 66.7 nm and the average diam-
eter of cylinders is D = 60.6 nm. Based on the above observation, this microphase
seperated structure can be depicted that the cylinder is formed by PT block and
PV/(TOBAS)0.25 matrix, sorrounded by the softer PB block. This well-defined
core-shell cylinder structure may make this system promising for a number of ap-
plications, such as nanostructure coatings, template materials, etc. In addition,
it is also can be used as nanoporous materials when the inner cylinder is removed
without destroying the original structure.
4.4 Conclusion
The variation of the film thickness of terpolymer B3.9V1.0T
136
2.1 induces to the
morphology transformation from lamellae to cylinder and lamellae in lamellae
structure. The incorporation of wedge-shaped sulfonic acid molecules via proton
transfer at different degrees of neutralization alters the morphology of terpolymer
due to the change of volume fraction in the system and the variation of incom-
patibility of the end block PB and the middle block PV. Analysis of SFM im-
ages makes clearly that all present terpolymer complexes form well-ordered and
strongly microphase separated structure parallel or perpendicular to the sub-
strate throughout the whole films. With higher DN (0.50 and 1.0), lamellar
in lamellar structure forms with different long periods. Remarkably, core-shell
cylinder structure and probable phase conversion is observed from the complex
B3.9V1.0T
136
2.1 /(TOBAS)0.25, where PT and PV/(TOBAS)0.25 matrix forms a cylin-
der, surrounded by softer PB blcok. This structure may make this system as a
candidate for more functional materials.
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5Supramolecular Complexes of
Chiral Wedge-Shaped Sulfonic
Acid Molecules and Polybases
In this chapter we aim to study whether a helical structure can be induced in the
columnar mesophase of supramolecular complexes of wedge-shaped sulfonic acid
molecules and polybases. For this purpose we synthesized a new wedge shaped
sulfonic acid molecule containing chiral alkyl chains, namely 2-(3,5-bis((s)-3,6-
dimethylheptyloxy)benzoyloxy)-ethanesulfonic acid and its complexes with linear
poly(ethyleneimine). Optical rotation measurements show that the supramolec-
ular complexes are chiral, and the molar optical rotation of the ligand decreases
with the decrease of the degree of neutralization. According to scanning force
microscopy data, the polymer complexes exhibit a columnar morphology at the
degree of neutralization above 0.50, and there is a hint that these columns have
a helical structure with a small helical pitch that is close to the resolution limit.
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5.1 Introduction
Chirality is a critical factor in living systems, since living organisms consist of a
variety of optically active small molecules and macromolecules, which can af-
fect the nature of one or several parts, or even the whole of a multicompo-
nent assembly, and therefore, its applications are enormous for a broad range
in molecular sciences, especially to mimic the natural structure such as DNA
double helix and the secondary R-helix structure of proteins, [1–4] as well as in
optics, [5,6] molecular recognition, [7] nanotubes, [8] folding, [9,10] nanomachines, [11]
and organic electronics, [12] etc. The functions of the chiral compounds usually
originate from their supramolecular assemblies that exhibit a helical structure.
Chiral wedge-shaped amphiphilic molecules are well-known examples, which can
form helical columns [13–16] and helical hollow spheres. [17,18] Hence, it is crucial
to understand how helicity emerges through transfer of structural information [19]
from the molecules to the supramolecular level. [20]
In the previous years, our group has developed a series of wedge shaped
amphiphilic molecules with sulfonic acid group at the tip of the wedge, which
can form thermotropic columnar mesophases in the bulk and discrete cylindrical
superstructures in the dilute solution. [21,22] We could show that the complexes
of poly(4-vinylpyridine) (P4VP) chains protonated with the wedge-shaped sul-
fonic acid molecules exhibited a liquid crystalline lamellar phase at lower degrees
of neutralization (DN), and the formation of a hexagonal columnar mesophase
was observed at higher DN. [23] It can be expected that the formation of the
supramolecular cylinders in bulk is predominately induced by self-assembly of
the ligand molecules. According to small-angle X-ray scattering data, a tran-
sition of polymer chain conformation from a 2-dimensional coil in the lamellar
structure to a disordered helix in the columnar phase was evidenced by the in-
crease of d-spacing upon the transition. However, there is no direct evidence of
the formation of a helical conformation of the central polymer chain. In order to
express the supramolecular chirality, chiral ligands should be employed. [13]
In this work, we synthesized a wedge-shaped sulfonic acid molecule that con-
tain chiral alkyl tails 2-(3,5-bis((s)-3,6-dimethylheptyloxy)benzoyloxy)ethane sul-
fonic acid and its complexes with poly(ethylenimine) (PEI). In contrast to atactic
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poly(vinylpyridines), which can in principle not adopt a chiral conformation, tac-
ticity has no relevance for linear PEI. Here we present the preliminary scanning
force microscopy (SFM) on the structures formed by the complexes of different
DN values. The aim is to visualize directly the helical structure of supramolecular
columns.
5.2 Experimental
5.2.1 Materials
(S)-citronellyl bromide (97%, Aldrich), Pd/C (10%, Aldrich), methyl 3,5-dihydr
oxy benzoate (97%, Aldrich), 18-crown-6 (purum, ≥99.0%, GC, Fluka), potas-
sium carbonate (ACS reagent, ≥99.0%, Aldrich), taurine (98%, Aldrich), trithy-
lamine (99%, Aldrich), thionyl chloride (ACS regent, Aldrich), sodium sulfate
(ACS reagent, ≥ 99.0%, anhydrous, powder, Sigma-Aldrich), sodium hydrox-
ide (EMSURE ISO zur Analyse, Merck), hydrochloric acid (ACS reagent, 37%,
Sigma-Aldrich), acetone (AnalaR NORMAPUR ACS, zur Analyse, VWR), N,N-
dimethyl-formamide (anhydrous, 99.8%, Aldrich), tetrahydrofuran (anhydrous,
≥99.9%, Aldrich), dicloromethane (anhydrous, ≥99.8%, Aldrich), chloroform
(AnalaR NORMAPUR ACS, zur Analyse, VWR), n-hexane (AnalaR NORMA-
PUR ACS, zur Analyse, VWR), ethanol (AnalaR NORMAPUR ACS, zur Anal-
yse, VWR), benzene (AnalaR NORMAPUR ACS, zur Analyse, VWR), ethyl
ether (AnalaR NORMAPUR ACS, zur Analyse, VWR), ethyl acetate (AnalaR
NORMAPUR ACS, zur Analyse, VWR) were used as received. Poly(ethylenimine)
(PEI) (Mn = 2.5 ×105) was purchased from Polysciences, Inc. It was dried in vac-
uum at 60 ◦C for 36 h prior to use.
5.2.2 Synthesis
(S)-1-bromo-3,7-dimethyloctane(1): (s)-citronellal bromide (10.9 g, 0.05 mol) and
Pd/C (4.0 g, 10% mol) were dissolved in 60 ml of ethyl acetate, after which the
mixture was shaken under 3 bar of H2 pressure for 7.5 h. Hereafter, the Pd/C
catalyst was filtered off and the solvent was removed in vacuum. Yield: 10.8 g
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(98.9%) of product as colorless liquid, purity ≥ 98% by 1H NMR spectroscopy.
1H NMR (400 MHz, CDCl3): δ= 0.810 (t, 6H, CH3), 1.26(m, 6H, CH2), 1.45
(m, 1H, -CH(CH)3-), 1.65 (m, 2H, BrCH2CH2-), 1.85 (m, 1H, -CH(CH3)2), 3.35
(2H, BrCH2-).
13C NMR (100 MHz, CDCl3): 18.96 (CH3), 22.59 (-C(CH3)2),
24.55 (CH2), 27.95 (-C(CH3)2), 31.66 (-CH2Br), 32.25 (-CH(CH3)-), 36.72 (-
CH2-CH(CH3)-), 39.17 (-CH2-CH2Br), 40.08 ((CH3)2CH-CH2-).
Methyl 3,5-bis((s)-3,7-dimethyloctyloxy)benzoate(2): To a stirred solution
of 3,5-dihydroxy-benzoic acid methyl ester (1 g, 5 mmol) and (S)-1-bromo-3,7-
dimethyloctane (5.1 g, 13.5 mmol) in acetone (80 mL) was added K2CO3 (2.16 g,
2 mmol) and 18-crown-6 (5.2 mg, 0.02 mmol). The reaction mixture was refluxed
for 24 h, and then the precipitates were filtered, followed by evaporating the sol-
vent to dryness. Distilled water (50 mL) was added into sample and the mixture
was extracted with CH2Cl2 (3×30 mL). The organic phases were combined, dried
over Na2SO4 and the solvent was finally evaporated in vacuum. The crude prod-
uct thus obtained was purified by column chromatography on silica gel (Ethyl ac-
etate/Hexane = 3/1) to afford methyl 3,5-bis((s)-3,7-dimethyloctyloxy)benzoate
(2) as a colorless liquid. Yield: 1.82 g (81.3%), purity≥ 98% by 1H NMR spec-
troscopy. 1H NMR (400 MHz, CDCl3): δ= 0.81 (d, 12H, CH3), 0.87 (d, 6H,
CH3), 1.26 (m, 12H, CH2), 1.45 (m, 2H, -CH(CH3)-), 1.65 (m, 4H, -OCH2CH2-
), 1.76 (m, 2H, -CH(CH3)2), 3.83 (s, 3H, -COOCH3), 3.93 (m, 4H, CH2), 6.56
(s, 1H, ArH ortho to COO group), 7.09 (s, 2H, ArH ipso to COO group). 13C
NMR (100 MHz, CDCl3): 19.64 (CH3), 22.61 (-C(CH3)2), 24.67 (CH2), 27.98 (-
C(CH3)2), 29.824 (-CH(CH3)-), 37.26 (-CH2-CH(CH3)-), 39.17 ((CH3)2CH-CH2-
), 52.21 (-COOCH3), 66.63 (-CH2O), 131.81 (ArC ortho to COO group), 107.80
(ArC ipso to COO group), 106.51 (ArC in 4’ position relative to COO group),
160.11 (ArC in 3’,5’ position relative to COO group), 167.02 (COOCH3).
3,5-bis((S)-3,7-dimethyloctyloxy)benzoic acid (3): In a 100 mL flask was placed
1.6 g methyl 3,5-bis((s)-3,7-dimethyloctyloxy)benzoate, 40 mL ethanol, and 10 mL
(5%) sodium hydroxide solution. The mixture was heated at 78 ◦C for 3 h with
continuous stirring. After cooling to room temperature, the reaction mixture was
acidified to PH = 1 with diluted hydrochloric acid. The solution was poured into
100 mL ethyl ether and transferred to a separatory funnel. The organic phase
was washed with H2O (3×50 mL) for three times, and was dried over Na2SO4;
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the solvent finally was evaporated in vacuum. The crude product was purified by
column chromatography on silica gel using chloroform as the mobile phase to ob-
tain 3,5-bis((s)-3,7-dimethyloctyloxy)benzoic acid (3) as a colorless liquid. Yield:
1.52 g (94.5%), purity ≥ 98% by 1H NMR spectroscopy. 1H NMR (400 MHz,
CDCl3): δ= 0.81(d, 12H, CH3), 0.87 (d, 6H, CH3), 1.26(m, 12H, CH2), 1.45 (m,
2H, -CH(CH3)-), 1.65 (m, 4H, -OCH2CH2-), 1.76 (m, 2H, -CH(CH3)2), 3.93,
(m, 4H, CH2), 6.56 (1H, ArH ortho to COO group), 7.09 (s, 2H, ArH ipso to
COO group).13C NMR (100 MHz, CDCl3): 19.64 (CH3), 22.61 (-C(CH3)2), 24.67
(CH2), 27.98 (-C(CH3)2), 29.82 (-CH(CH3)-), 37.26 (-CH2-CH(CH3)-), 39.17
((CH3)2CH-CH2-), 66.63 (-CH2O), 131.81 (ArC ortho to COO group), 107.81
(ArC ipso to COO group), 106.51 (ArC in 4’ position relative to COO group),
160.12 (ArC in 3’,5’ position relative to COO group), 166.03 (-COOH).
3,5-bis((S)-3,7-dimethyloctyloxy)benzoyl chloride (4); triethylemine/2-(3,5-bis
((s)-3,7-dimethyl octyloxy)benzamido)ethanesulfonic acid (TEA/DOBSA) (5) and
2-(3,5-bis((s)-3,7-dimethyloctyloxy)benzamido) ethanesulfonic acid (DOBSA) (6):
To a well stirred solution of 3,5-bis((s)-3,7-dimethyloctyloxy) benzoic acid (1.6 g,
3.1 mmol) in dried dichloromethane (10 mL) thionyl chloride (1.8 g, 1.1 mL) was
added slowly. After 5 h the solvent was removed in vacuum and the prod-
uct 3,5-bis((s)-3,7-dimethyloctyloxy)benzoyl chloride (4) was dissolved in 15 mL
dried THF. The resulting solution was added dropwise into a well dispersed so-
lution of taurine (0.46 g, 3.7 mmol) and triethylamine (0.93 mL, 12 mmol for 5
and 0.31 mL, 4 mmol for 6) in dry DMF (20 mL) at 0 ◦C. Upon complete addi-
tion stirring was continued for another 12 h at room temperature. The reaction
mixture was poured into water (200 mL), acidified to pH = 5, and then extracted
several times with chloroform. The extract was dried over dried Na2SO4, and the
solvent was removed under reduced pressure. The product was purified by gra-
dient columnar chromatography using ethyl acetate/ethanol. Ethyl acetate was
firstly used to wash away all the organic impurities, and then the product was
washed out using a mixture ethyl acetate/ethanol (1/5). The purified product
was dissolved in dried benzene to prepare a 10 wt.-% solution, and the result-
ing solution was filtered through a membrane filter with a pore size of 5µm.
Orange waxy materials were obtained after freeze-drying. The products were
detected as the purity ≥ 98% by 1H NMR spectroscopy. For DOBSA: 1H NMR
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(400 MHz, DMSO-d6): δ= 0.81 (d, 12H, CH3), 0.87 (d, 6H, CH3), 1.26 (m, 12H,
CH2), 1.45 (m, 2H, -CH(CH3)-), 1.65 (m, 4H, -OCH2CH2-), 1.76 (m, 2H, -
CH(CH3)2), 3.71 (m, 2H, -CH2CH2SO3H), 3.76 (m, 2H, -CH2CH2SO3H), 3.93,
(m, 4H, CH2), 6.53 (1H, ArH ortho to COO group), 7.06 (s, 2H, ArH ipso to COO
group). 13C NMR (100 MHz, DMSO-d6): 19.64 (CH3), 22.61 (-C(CH3)2), 24.67
(CH2), 27.99 (-C(CH3)2), 29.82 (-CH(CH3)-), 37.26 (-CH2CH(CH3)-), 37.91 (-
CH2CH2SO3H), 39.17 ((CH3)2CHCH2-), 47.93 (-CH2CH2SO3H), 66.63 (-CH2O),
131.8 (ArC ortho to COO group), 107.81 (ArC ipso to COO group), 106.52 (ArC
in 4’ position relative to COO group), 169.23 (ArC in 3’,5’ position relative to
COO group), 167.62 (-CONH-). For triethylemine/DOBSA: Elemental analysis
for C35H65N2O6S (642.46 g mol
−1): C, 62.21 wt.-%; H, 10.09 wt.-%, N, 3.49 wt.-
%. Calcd: C, 65.38 wt.-%; H, 10.35 wt.-%, N, 4.36 wt.-%. 1H NMR (400 MHz,
DMSO-d6): δ= 0.81 (d, 12H, CH3), 0.87 (d, 6H, CH3), 1.26 (m, 12H, CH2), 1.45
(m, 2H, -CH(CH3)-), 1.58 (m, 9H, CH3CH2-), 1.65 (m, 4H, -OCH2CH2-), 1.76
(m, 2H, -CH(CH3)2), 3.32 (m, 6H, CH3CH2-), 3.71 (m, 2H, -CH2CH2SO3H),
3.76 (m, 2H, -CH2CH2SO3H), 3.93, (m, 4H, CH2), 6.53 (1H, ArH ortho to
COO group), 7.06 (s, 2H, ArH ipso to COO group).13C NMR (100 MHz, DMSO-
d6): 8.81 (CH3CH2-), 19.65 (CH3), 22.61 (-C(CH3)2), 24.67 (CH2), 27.98 (-
C(CH3)2), 29.82 (-CH(CH3)-), 37.26 (-CH2CH(CH3)-), 37.91 (-CH2CH2SO3H),
39.17 ((CH3)2CHCH2-), 45.60 (CH3CH2-), 47.91 (-CH2CH2SO3H), 66.63 (-CH2O),
131.82 (ArC ortho to COO group), 107.83 (ArC ipso to COO group), 106.52 (ArC
in 4’ position relative to COO group), 169.21 (ArC in 3’,5’ position relative to
COO group), 167.62 (-CONH-).
Complex 2-(3,5-bis((s)-3,7-dimethyloctyloxy)benzamido)ethanesulfonic acid (
PEI/DOBSA) (7): A solution of DOBSA (7, 60.9 mg, 0.10 mmol) in 10 mL of
chloroform was added to a well-stirred methanol solution of linear PEI (10.5 mg
for complex DN = 1; 14 mg for complex DN = 0.75; 21 mg for complex DN = 0.50;
42 mg for complex DN = 0.25) in chloroform, concentration of PEI was 1.0 mg/ml)
to prepare the complex. The resulting solution was stirred for additional 2 h.
Subsequently the solvent was removed on a rotary evaporator. The product was
dried in vacuum at 40 ◦C for 6 h. The yields of the complexes were 96 – 98%.
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5.2.3 Techniques
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a Bruker
DPS 300 spectrometer, using tetramethylsilane (TMS) as an internal standard.
CDCl3 and DMSO-d6 was used as solvent. The concentration of the solution is
15 – 30 mg/mL.
Optical rotation was measured with P-1020 (A072860638) Jasco digital po-
larimeter featured a sodium lamp and with a standard wavelength at 589 nm. The
width of the faraday cell is 1 cm. The concentration of the solution for preparing
the films is 10 – 50 mg/mL.
Scanning Force Microscopy (SFM) was performed with a Nanoscope III from
Digital Instruments operating in the tapping mode at a resonance frequency of
320 kHz and using Si probes (NCH-W from Silicon SPN-sensors) with a spring
constant of 42 N/m. The typical tip radius was less than 7 nm. Samples for
the SFM experiments were prepared by spin casting the chloroform solutions
with a speed at 2000 rpm onto the different substrates: silicon wafers or highly
ordered pyrolitic graphite (HOPG). For equilibration the samples were exposed
to saturated benzene vapor in a closed vessel at room temperature. The duration
of the exposure time was varied. After solvent vapor annealing, the samples were
transported to ambient atmosphere and carefully dried with nitrogen.
Polarizing optical microscopy (POM): For the thermo-optical analysis a Carl
Zeiss Axioplan 2 imaging polarizing microscope equipped with a Mettler Toledo
FP 82HT hot stage connected to a Mettler Toledo FP 90 processor was used.
The micrographs were recorded with a Carl Zeiss AxioCam MRc digital camera.
Differential scanning calorimetry (DSC) measurements were performed using
a Netzsch DSC 204 unit. Samples (typical weight: 5 mg) were enclosed in stan-
dard Netzsch 25µL aluminum crucibles. Indium and palmitic acid were used as
temperature calibration standards. The employed heating and cooling rates were
10 ◦C/min.
5.3 Results and discussion
The chiral wedge-shaped sulfonic acid molecule DOBSA was prepared accord-
ing to the procedure illustrated in Figure 5.1. Firstly, (s)-citronellal bromide
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Figure 5.1: Synthesis of DOBSA, DOBSA-TEA and PEI/(DOBSA)DN com-
plexes. Conditions: (i) Pd/C, H2, EtOAc; (ii) Acetone, 18-crown-6, reflux, 24 h;
(iii) Ethanol/H2O (4/1), reflux, 3 h; HCl; (iv) SOCl2, CH2Cl2, 5 h, r.t.; (v) tau-
rine, DMF/THF, 0 ◦C to r.t. 24 h; excess amount of triethylamine; (vi) equivalent
amount of triethylamine; (vii) poly(ethylene imine), CHCl3, MeOH, r.t. 3 h.
was hydrogenated to (s)-1-bromo-3,7-dimethyloctane (1) with Pd/C as the cata-
lyst. [24] Then, methyl 3,5-bis((s)-3,7-dimethyloctyloxy)benzoate (2) was synthe-
sized from methyl 3,5-dihydroxybenzoate via etherification with (S)-1-bromo-3,7-
dimethyloctane, using K2CO3 as the base and acetone as the solvent. It was sub-
sequently hydrolyzed to 3,5-bis((s)-3,7-dimethyloctyloxy)benzoic acid (3), which
was transformed into the corresponding benzoyl chloride (4). Afterwards, tau-
rine dispersed in DMF was allowed to react in the presence of triethylamine with
3,5-bis((s)-3,7-dimethyloctyloxy) benzoyl chloride in dry THF. In this reaction
DOBSA was obtained with an equivalent amount of triethylamine, while its tri-
ethylammonium salt DOBSA-TEA was yielded with an excess amount of triethy-
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lamine. The products were purified by gradient columnar chromatography using
ethyl acetate/ethanol and freeze-dried from benzene. Subsequently, DOBSA was
quantitatively transformed into pyridinium salt DOBSA-Py in chloroform and
the complexes with linear PEI of different DN, PEI/(DOBSA)DN, in the mixture
of chloroform and methanol.
5.3.1 Characterization of the compounds DOBSA, DOBSA
-TEA and DOBSA-Py
At ambient temperature, all these compounds are wax-like materials. According
to the polarizing optical microscopy (POM) and differential scanning calorimetry
(DSC), they exhibit a similar phase behavior with a slight difference in phase
transition temperature. Figure 5.2 shows a fan-shaped texture of DOBSA-TEA
formed by cooling from the isotropic melt, which is typical for a lamellar or
columnar mesophase. Due to the small melting enthalpy in the range of 1 – 3 J/g
measured by DSC, the mesophase can be assigned to a disordered hexagonal
columnar (Colhd) phase. The melting temperature of DOBSA, DOBSA-TEA
and DOBSA-Py was measured to be 113 ◦C, 116 ◦C and 115 ◦C, respectively. For
unambiguous identification of the mesophase, X-ray scattering experiments are
being performed.
DOBSA-TEA and DOBSA-Py can be considered as monomers of the supramo-
lecular complexes of DOBSA with polybases. Their morphology in thin films was
investigated by means of scanning force microscopy (SFM).
Highly ordered pyrolytic graphite (HOPG) was employed as the substrate for
DOBSA-TEA. Because DOBSA-TEA can be strongly adsorbed on the surface due
to the epitaxial interaction of the alkyl chains with the graphite lattice, allowing a
successful visualization. [25–28] After spin-coating from the chloroform solution on
the HOPG surface, the thin film of DOBSA-TEA was heated to 120 ◦C, and then
cooled to room temperature with a rate of 10 ◦C/min. Figure 5.3 shows the SFM
images obtained from such a film. It can be seen that the cylinders are aligned
parallel to the surface plane, and they display a strictly defined orientation with
respect to the substrate with characteristic angles of 60 ◦ and 120 ◦ indicating
their growth following an epitaxial mechanism. The grains are clearly separated
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Figure 5.2: Fan-shaped texture of DOBSA-TEA formed by cooling from isotripic
melt to 80 ◦C.
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Figure 5.3: SFM height (left) and phase (right) images of DOBSA-TEA on
HOPG. Z range is 7.4 nm for height image and 17.5o for phase image. Scan size is
3×3 µm2. The inserted image is the FFT of the phase image.
by typical liquid crystalline defects such as dislocations and disclinations. The
cylinders are characterized by an in-plane periodicity of 4.2 nm (cf. inserted FFT
analysis in Figure 5.3), which corresponds to the double molecular length. The
height distribution in Figure 5.3 shows a layered structure with an average step
height of 3.9 nm. All these data indicate that DOBSA-TEA forms columns with
a diameter of ca. 4 nm.
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Figure 5.4: SFM height (left) and phase (right) images of DOBSA-Py: Z range
is 7.2 nm for height image and 22.7 o for phase image. Scan size is 1×1 µm2.
According to SFM data (Figure 5.4), DOBSA-Py exhibits a columnar struc-
ture as well, and the diameter and the height of these columns were measured to
be 3.8 and 3.6 nm, respectively, slight smaller than the DOBSA-TEA columns. A
close look at the SFM phase image of DOBSA-Py (Figure 5.4) gives a hint that
the columns are helical.
5.3.2 Morphology of complexes PEI/(DOBSA)DN
Table 5.1 presents the optical rotation of DOBSA and its complexes with linear
PEI of different DN. It is interesting to note that not only the specific opti-
cal rotation but also the molar optical rotation calculated from the amount of
DOBSA in solution decreases with the decrease of DN, implying the formation
of supramolecular complexes in the solution.
SFM was employed to study the morphology of the supramolecular complexes.
By spin-coating a highly concentrated solution of 10 mg/mL on silicon wafer sur-
face, a pretty thick film, whose thickness was measured to be 100± 5 nm by
ellipsometry. After annealing the sample in the benzene vapor at room tempera-
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Table 5.1: Specific optical rotation of DOESA and its complexes with PEI of
different DN values measured in chloroform.
Samples DOBSA DN=1.0 DN=0.75 DN=0.5 DN=0.25
Specific optical rotation -4.73 -4.15 -3.86 -3.58 -2.83
Molar optical rotation -2.61 -2.43 -2.31 -2.25 -2.02
(a) (b)
(c) (d)
Figure 5.5: SFM height images of the complexes DOBSA-Py (a) PEI/(DOB
SA)DN with different DN = 1.0 (b), 0.75 (c) and 0.5 (d) from a high concentration
10 mg/mL. Scan size is 2×2µm2.
ture for 12 h, [29] similar to DOBSA-Py, all the complexes with a DN value above
0.50 exhibit a well-defined fiber-like structure (Figure 5.5) parallel to the inter-
face where the cylinder structure is expected. In particular, For the complexes
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with the higher DN (1.0 and 0.75), side wedge shaped sulfonic acid hinder the
movement of the polymer backbones, the fibers have got twisted, i.e. tangled.
Unfortunately, the detailed structure of a single column can be resolved under
these conditions.
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Figure 5.6: SFM height (left) and phase (right) images of PEI/(DOBSA)1.0: Z
range is 7 nm for height image and 11.5o for phase image. Scan size is 1×1 µm2.
In order to analyze the structure of individual columns, thin films of the
complexes PEI/(DOBSA)DN were prepared by spin-coating the solutions with a
concentration as low as 0.5 mg/mL on silicon wafer substrates. The thickness
of these films was measured to be 30± 3 nm. For equilibration, benzene vapor
annealing was applied to these samples as well. As can be seen from SFM images,
for all the complexes a parallel orientation of the columns with respect to the
film interface is clearly demonstrated. Furthermore, similar to the low molecular
weight salts DOBSA-TEA and DOBSA-Py, the height of each layer is very close
to the diameter of the columns obtained by the cross-section analysis of the SFM
height images (Figures 5.6 – 5.8). The columns formed from the PEI/(DOBSA)DN
complexes have a slightly larger diameter than that of the low molecular weight
salts, and a slight thickening of the supramolecular columns was observed with
the increase of DN from 0.50 to 1.0.
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Figure 5.7: SFM height (left) and phase (right) images of PEI/(DOBSA)0.75: Z
range is 5.6 nm for height image and 19.8o for phase image. Scan size is 1×1µm2.
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Figure 5.8: SFM height (left) and phase (right) images of PEI/(DOBSA)0.50: Z
range is 8.9 nm for height image and 18.1o for phase image. Scan size is 1×1µm2.
To carry out the experiments with single molecules, an ultrathin film on
HOPG was spin-coated from a highly diluted complex solution (0.01 mg/mL)in
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THF. In the SFM image of e.g. PEI/(DOBSA)0.50 (Figure 5.9) long columns
that are aligned parallel to the substrate and are bent at characteristic angles
of 60 ◦ and 120 ◦ to follow the 6-fold symmetry of the graphite. From the cross-
section analysis the diameter of these columns was estimated to be 4.0± 0.3 nm,
which was quite close to the column size measured in the SFM images of the
thicker films (Figure 5.9), indicating that the supramolecular columns were read-
ily formed in the solutions of the complexes. Remarkably, the visualization of the
relatively short isolated supramolecules was difficult due to their high mobility
on the HOPG substrate. Unfortunately the supramolecular chirality could not
be detected for the single supramacromolecules, either.
Although by means of SFM we managed to demonstrate the formation of
supramolecular columns in bulk as well as in dilute solutions of the complexes
PEI/(DOBSA)DN with DN above 0.50, and there is a hint that the columns
have a helical structure, the supramolecular helicity could unfortunately not be
unambiguously detected, probably because of the small helical pitch that is close
to the resolution limit of SFM. In future we will use ultrasharp SFM tips to obtain
high-resolution images, and small angle X-ray scattering measurements can also
provide the information on the chirality of the supramolecular structure.
Figure 5.9: Phase image of PEI/(DOBSA)0.50 on HOPG. Z range is 80
◦. Scan
size is 0.5× 0.5µm2.
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5.4 Conclusion
A new wedge shaped sulfonic acid molecule containing two chiral alkyl chains
DOBSA and its complexes with linear poly(ethyleneimine) of different DN values
were sucessfully prepared. The decrease of molar optical rotation of the ligand
molecule with the decrease of the DN suggests the formation of supramolecular
complexes in the solution. According to POM, DSC and SFM, DOBSA and its
pyridinium and triethylammonium salts exhibit a disordered hexagonal columnar
mesophase. The morphology of the polymer complexes was analyzed by SFM in
films of different thickness. It was shown that the complexes of DN≥ 0.5 formed
a columnar structure. There is a hint that the columns formed by the polymer
complexes as well as the low molecular weight ligands have a helical structure
with a small helical pitch that is close to the resolution limit.
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6A Diacetylene-Containing
Wedge-Shaped Molecule:
Synthesis, Morphology and
Photopolymerization
In this chapter, a novel wedge-shaped molecule containing two diacetylene tails
3,5-di(trideca-2,4-diynyloxyl)benzoic acid methyl ester (DDABM) was synthe-
sized. As indicated by UV-vis spectroscopy this compound can be polymerized
under UV-irradiation. In order to resolve the crystalline structure, an oriented
crystalline thin film of DDABM is obtained on a silicon wafer substrate rubbed
with polytetrafluoroethylene, and analysed with grazing incidence wide-angle X-
ray diffraction. Furthermore, the spherulites formed by DDABM in a thick film
are investigated by wide-angle X-ray diffraction measurements. A molecular
packing model in the crystalline lattice of DDABM is proposed based on the
X-ray diffraction data, and it is found that the diacetylene units are oriented
along a well-defined lattice direction with a packing period of 4.85 A˚, which fulfils
the requirements for a topochemical polymerization. It is shown that the UV-
polymerization does not affect the phase behaviour of the compound, but alters
its optical properties and melt viscosity.
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6.1 Introduction
As first demonstrated by Wegner, [1–4] the solid state polymerization of crystalline
diacetylene (DA) follows so called “topochemical principles”. [5] A unique feature
of this reaction is that the monomer packing is crucial to control the reaction ki-
netics as well as the morphological and crystallographic structures of the resulting
polymer. As shown in Figure 6.1, the necessary conditions for the topochemical
polymerization of DA to occur were identified as follows. The DA units should
be oriented along a well-defined lattice direction with a translational period d in
the range of 4.7 – 5.2 A˚, Rv must be smaller than 4 A˚, with a lower limit of 3.4 A˚
corresponding to van der Waals contact between reacting carbon atoms and the
angle λ between the diacetylene rod and the translational vector must be close to
45 ◦. [6] Unlike other conjugated polymers, after polymerization, polydiacetylene
(PDA) macromolecules are placed at a distance comparable with the length of
the repeating unit of about 4.91 A˚, and the polymerization may advance with
only minimal packing rearrangements. This polymerization provides a new ap-
proach toward well-defined, non-random cross-linking structure into a polymeric
material without disruption of the packing and order of the monomers.
R1
R2
Rv
d
?
R1
R2
R1
R2
UV or
1,4-addition
R2
R1
R1
R1
R2
R2
4.91 Å
Figure 6.1: Schematic representation of topochemical polymerization of diacety-
lene.
Since the DA unit has been first used for topochemical polymerization, the
molecular design of DA derivatives has been attracting considerable research in-
terests for already several decades. [7–11] The DA substituted with various func-
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tional side chains such as amide, [12] carboxyl, [13] perfluorophenyl [14] undergo pho-
topolymerization upon UV irradiation in a wide range of organized states, such as
crystals, [15] liquid crystals, [16] Langmuir-Blodgett films, [17] self-assembled mono-
layers, [18] lipid bilayers, [19] liposomes or vesicles, [20] and also other systems such
as gels. [21] Importantly, the resulting long pi-conjugated molecular structure have
two spectroscopically distinct phases, i.e. the so-called blue and red forms, that
bear their names from the excition absorption peaks at ca. 640 and 540 nm. The
presence of these two forms in PDA find numerous promising applications rang-
ing from biosensors, [22–24] nonlinear optics [25,26] to electron transport materials. [27]
Most DA derivatives studied so far contain only one DA-fragment, so the condi-
tions of their topochemical polymerization can be fulfilled by a judicious choice
of the DA side groups (R1 and R2 in Figure 6.1). Much less studied are the
molecules substituted with two and more DA units, which, however, form dif-
ferent supramolecular assemblies such as rods [28,29] and tubules [30] that can be
arrested by the DA polymerisation. Since single crystal X-ray diffraction (XRD)
data are usually not available for such molecules, the relation between the molec-
ular packing and polymerizability of DA derivativesis is not fully understood.
In this work we report on the structure-property relationship for a newly
synthesized wedge-shaped molecule containing two polymerizable DA-tails: 3,5-
di(trideca-2,4-diynyloxyl) benzoic acid methyl ester (DDABM). In order to ad-
dress the crystalline structure of DDABM before and after photopolymerization,
a silicon wafer rubbed with polytetrafluoroethylene (PTFE) was used as sub-
strate to prepare oriented crystalline thin films, which were analysed with grazing-
incidence wide-angle X-ray diffraction (GIWAXD). In addition spherulites formed
by DDABM in thicker films were studied by WAXD with a small beam size.
6.2 Experimental
6.2.1 Materials
Decyne (98%, Aldrich), N-bromosuccinimide (99%, Aldrich), propargyl alco-
hol (99%, Aldrich), diethylamine (ACS reagent, ≥ 99.0%,Aldrich), NH2·OH·HCl
(98%, Aldrich), silver nitrate (ACS reagent, ≥ 99.0%,Aldrich), copper(I) chlo-
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ride (ACS reagent, ≥ 90%, Sigma-aldrich), triphenylphosphine dibromide (96%,
Aldrich), 3,5-dihydroxy-benzoic acid methyl ester (98%, Aldrich), kaliumcarbonat
(ACS reagent, ≥ 99.0%, Sigma-aldrich), 18-crown-6 (≥ 99.0%, Aldrich), acetone
(AnalaR NORMAPUR ACS, zur Analyse, VWR), dichloromethane (Ana- laR
NORMAPUR ACS, zur Analyse, VWR), methanol (AnalaR NORMAPUR ACS,
zur Analyse, VWR), ethanol (AnalaR NORMAPUR ACS, zur Analyse, VWR),
ethyl acetate (AnalaR NORMAPUR ACS, zur Analyse, VWR), n-Hexane (AnalaR
NORMAPUR ACS, zur Analyse, VWR), sodium sulfate (AnalaR NOR- MAPUR
ACS, zur Analyse, VWR), sodium thiosulphate (AnalaR NOR MAPUR ACS,
zur Analyse, VWR), sodium chloride (AnalaR NORMAPUR ACS, zur Analyse,
VWR) and hydrochloric acid (AnalaR NORMAPUR ACS, zur Analyse, VWR)
were used as received.
6.2.2 Synthesis
1-Bromo-1-decyne (1): A solution of decyne (10 g, 72.5 mmol), N-bromosuccini-
mide (25.81 g, 145 mmol), and silver nitrate (3.82 g, 22.89 mmol) in acetone
(200 mL) was stirred at room temperature for 2 h. Acetone was then removed
on a rotary evaporator. The resulting product was dissolved in dichloromethane,
and the solution was passed through a short silica gel column. The solvent was re-
moved in vacuo to yield 1-bromo-1-decyne as a light yellow liquid. Yield: 14.86 g
(94.5%), purity ≥ 98% according to 1H NMR spectroscopy. 1H NMR (400 MHz,
CDCl3): δ= 0.81 (t, 3H; CH3), 1.21 (m, 10H, CH3CH2), 1.44 (m, 2H, CH2), 2.12
(t, 2H, CH2C≡C). 13C NMR: 14.11 (CH3), 19.62 (CH2C≡), 22.62 (CH3CH2),
28.30, 28.82, 29.11, 29.24, 31.92 (CH2), 37.41 (C≡CBr), 80.41 (C≡CBr).
Trideca-2,4-diyn-1-ol (2): To a stirred mixture of propargyl alcohol (11.872 g,
0.212 mol), ethyl amine (40 mL, aqueous solution, 70% w/w), NH2·OH·HCl (2 g),
powdered CuCl (0.5 g), H2O (40 mL) and methanol (100 mL) in a three-neck flask,
1-bromo-1-decyne (1, 23 g, 0.106 mol) in methanol (20 mL) was added dropwise.
The reaction was carried out at 35 ◦C for 24 h. Afterwards, the reaction mixture
was filtered and methanol was removed from the filtrate on a rotary evaporator.
The residue was extracted with diethyl ether. The organic layer was washed
with water (3×30 mL), and dried over anhydrous sodium sulphate. The solvent
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was then evaporated on a rotary evaporator. The product was purified by column
chromatography with silica gel (eluent: ethyl acetate/n-hexane 1:5). A colourless
crystalline product was obtained. Yield: 9.38 g (86%), purity≥ 98% according to
1H NMR spectroscopy. 1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 3H; CH3), 1.21
(m, 10H, CH3CH2), 1.44 (m, 2H, CH2), 2.12 (t, 2H, CH2C≡C), 4.25 (C≡C-
C≡C-CH2-OH). 13C NMR: 14.14 (CH3), 19.2 (CH2C≡), 22.63 (CH3CH2), 28.31,
28.83, 29.11, 29.20, 31.92 (CH2), 49.92 (CH2OH), 64.32 (CH2C≡C-C≡C), 70.90
(CH2C≡C-C≡C), 73.40 (CH2C≡C-C≡C), 81.91 (CH2C≡C-C≡C).
1-Bromotrideca-2,4-diyne (3): To an ice-cooled stirred solution of PPh3Br2
(18.32 g, 22 mmol) in dry CHCl2 (100 mL), trideca-2,4-diyn-1-ol (2,7 g, 36.4 mmol)
in dry CHCl2 (24 mL) was added dropwise. After stirring at 0
◦C for 10 min, the
reaction mixture was warmed up to room temperature. The stirring was contin-
ued for another 24 h. Afterwards, dichloromethane was removed, and the reaction
mixture was dissolved in ethyl acetate. The resulting solution was washed with
an aqueous solution of sodium thiosulphate (10% solution, 2×30 mL) and wa-
ter (3×30 mL). The solution was then dried over anhydrous sodium sulphate,
and the solvent was removed on a rotary evaporator. The product was puri-
fied by column chromatography with silica gel (eluent: ethyl acetate/n-hexane
2:1). Yield: 7.44 g (82%) as a white crystal, purity≥ 98% according to 1H NMR
spectroscopy. 1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 3H; CH3), 1.21 (m, 10H,
CH3CH2), 1.44 (m, 2H, CH2), 2.12 (t, 2H, CH2C≡C), 3.89 (s, 2H, C≡C-C≡C-
CH2-Br).
13C NMR: 14.14 (CH3), 19.20 (CH2C≡), 22.60 (CH3CH2), 28.30,
28.81, 29.12, 29.21, 31.94 (CH2), 14.80 (CH2Br), 64.41 (CH2C≡C-C≡C), 69.9
(CH2C≡C-C≡C), 71.90 (CH2C≡C-C≡C), 83.43 (CH2C≡C-C≡C).
3,5-Di(trideca-2,4-diynyloxyl)benzoic acid methyl ester (4): To a stirred solu-
tion of 3,5-dihydroxy-benzoic acid methyl ester (1 g, 5 mmol) and 1-bromotrideca-
2,4-diyne (3, 5.1 g, 12.5 mmol) in acetone (80 mL) anhydrous potassium carbonate
(21.6 g, 20 mmol) and 18-crown-6 (5.2 mg, 0.02 mmol) were added. The reaction
mixture was refluxed for 24 h. Afterwards, the mixture was filtered, and the
solvent was evaporated on a rotary evaporator. The solid residue was dissolved
in dichloromethane. The resulting solution was washed three times by water,
dried over anhydrous sodium sulphate, and then the solvent was evaporated on
a rotary evaporator. The product was purified by column chromatography with
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silica gel (eluent: ethyl acetate/n-hexane 3:1). Yield: 1.76 g (68%) as a white
crystal, purity≥ 98% according to 1H NMR spectroscopy. Elemental analysis for
C34H44O4 (516.32 g mol
−1): C, 78.08 wt.-%; H, 8.60 wt.-%. Calcd: C, 79.03 wt.-
%; H, 8.58 wt.-%. 1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 6H; CH3), 1.21
(m, 20H, CH3CH2), 1.44 (m, 6H, CH2), 2.12 (t, 4H, CH2C≡C), 4.25 (m, 3H,
COOCH3) 4.72 (s, 4H, C≡C-CH2-O), 6,69 (s, 1H, ArH meta to COgroup),
7.37 (s, 2H, ArH ortho to CO group). 13C NMR: 14.1 (CH3), 19.23 (CH2C≡),
22.64 (CH3CH2), 28.31, 28.83, 29.12, 29.22, 31.90 (CH2), 57.85 (CH2O), 61.13
(CH2O), 61.2 (COOCH2CH3), 64.41 (CH2C≡C-C≡C), 69.96 (CH2C≡C-C≡C),
71.92 (CH2C≡C-C≡C), 83.48 (CH2C≡C-C≡C), 109.00 (ArC ortho to CO group),
126.00 (ArC ipso to CO group), 141.05 (ArC in 4 position relative to CO group),
151.41 (ArC in 3, 5 position relative to CO group), 165.80 (COOCH2CH3).
Polymerization of the compound in crystalline state: Quartz was cleaned by
sonication in acetone, water, and isopropanol for 2 min each, followed by drying
in a stream of nitrogen. Stock 10 g/L solution of the compound was prepared in
chloroform. Films were obtained by drop casting, and the thickness of which was
200± 5 nm. Photo-polymerization was carried out by irradiation with a 12 W
UV lamp at 254 nm for different times from one minute to one hour at room
temperature.
6.2.3 Techniques
1H NMR and 13C NMR spectra were recorded with a Varian VXR 300 instrument
at 400 MHz and 100 MHz using TMS as internal standard. CDCl3 was used as
solvent. The concentration of the solution was 15 – 30 mg/mL.
Differential scanning calorimetry (DSC) measurements were performed using
a Netzsch DSC 204 unit. Samples (typical weight: 5 mg) were enclosed in stan-
dard Netzsch 25µL aluminum crucibles. Indium and palmitic acid were used as
temperature calibration standards. The employed heating and cooling rates were
10 ◦C/min. For quenching a cooling rate of 40 ◦C/min was used.
UV-vis spectroscopy: UV-vis spectra were recorded on quartz at room tem-
perature on a Perkin-Elmer Lambda EZ210 UV-vis spectrometer at a scan rate of
100 nm/min. The slit width was 2µm. Stock 10 g/L solution of the benzoic acid
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methyl ester was dissolved in chloroform. Prior to dropping of the substrates the
solutions were filtered through 0.2µm PTFE syringe filters. Films were obtained
by spin-coating with a low speed 500 rpm.
Polarized optical microscopy (POM): For thermo-optical analysis a Carl Zeiss
Axioplan 2 imaging polarizing microscope equipped with a Mettler Toledo FP
82HT hot stage connected to a Mettler Toledo FP 90 processor was used. The
micrographs recorded with a Carl Zeiss AxioCam MRc digital camera.
Wide angle X-ray scattering (WAXS) experiments at variable temperatures
were conducted at the BM26 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, using X-ray photons with energy of 12 keV
(Bras et al. 2003). A small amount of DDABM was enveloped in a polished alu-
minum foil for good heat contact and annealed for 24 h at room temperature.
The temperature of the sample was controlled using a LinkamTM heating stage
adapted for X-ray experimentation. The 2D X-ray patterns were collected in
transmission geometry using a 2D Frelon CCD ending up with a pixel resolution
of 100µm in both lateral directions.
Grazing incidence wide angle diffraction (GIWAXS) was performed at the
X6b beamline of the National Synchrotron Light Source (NSLS) at the BNL,
Brookhaven. The used X-ray photons were having energy of 18 keV. The com-
pounds were dissolved in chloroform in a 0.01 wt.-% solution and drop-casted on
the PTFE rubbed Si substrate followed by an annealing process at 25 ◦C for 24 h.
The drop casted samples were placed in a 6-circle Huber 5020 diffractometer with
vertical scattering geometry. The samples were oriented with the rubbing direc-
tion parallel and perpendicular to the incident X-ray beam. The 2D diffraction
patterns were collected using a Princeton Instruments CCD area detector, 8 cm
640 element Si strip detector.
X-ray data reduction and analysis: The modulus of the scattering vector
s= 2 sin (θ/λ), where θ is the Bragg angle and λ is the wavelength, was calibrated
using several diffraction orders of silver behenate. The data reduction and analysis
including geometrical and background correction, visualization and resampling
into polar coordinates of the 2D diffractograms were performed using home-built
routines written in Igor Pro software package from WaveMetricsTM.
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6.3 Results and discussion
The synthesis of wedge-shaped molecule DDABM is schematically depicted in Fig-
ure 6.2. Firstly, 1-bromo-1-decyne was obtained by bromination of 1-decyne with
N-bromosuccinimide using AgNO3 as a catalyst.
[31] After reacting with propargyl
alcohol under the catalysis of CuCl, 1-ol-diacetylene was obtained, [32] being subse-
quently transferred into 1-bromo-diacetylene with triphenylphosphine dibromide
(PPh3Br2). DDABM was synthesized from 3,5-dihydroxy-benzoic acid methyl
ester via etherification with 1-bromo-diacetylene in acetone in the presence of
K2CO3.
[33]
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Figure 6.2: Synthetic route for the preparation of DDABM. Conditions: (i) NBS,
AgNO3, acetone, RT 2 h; (ii) NH2·HCl, CuCl, ethylamine, methanol, 35 ◦C 24 h;
(iii) PPh3B2, dichloromethane, 0
◦C to RT 24 h; (iv)18-crown-6, K2CO3, acetone,
reflux 24 h.
Figure 6.3: Optical micrographs (crossed nicols) of the compound after quenching
from the isotropic melt crystallized between two glass slides, before (left) and after
(right) UV-irradiation.
DDABM was obtained as a white crystalline powder. It forms large spherulites
on cooling the isotropic melt to room temperature (Figure 6.3). Upon irradiation
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with 254 nm UV light, the colour of the compound changes from white to red, then
to blue and purple. This gradual colour change can be attributed to a continuous
formation of conjugated backbones, observed as the electronic transition of the
pi-electrons of the backbone occurring in the wavelength region of the visible
light. In addition to the appearance of the colour the polymerized compound
revealed a clearly visible Maltese cross (Figure 6.3, right) when crystallized at
room temperature. It is noteworthy that this feature is absent for the non-
irradiated sample. It should also be noted that the melt viscosity is significantly
increased after the photo-polymerization.
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Figure 6.4: UV-vis spectra of a cystalline thin film of DDABM after exposure to
254 nm UV light from 0 min to 60 min.
The conversion of the DA groups into PDA in DDABM was monitored by
means of UV-vis spectroscopy. The non-irradiated sample showa no absorption
in the wavelength range of 400 – 700 nm. After exposing to 254 nm UV irradiation
for 1 min, two absorption bands at λmax = 593 nm and 540 nm appear (Figure
6.4). A sharp absorption band at 593 nm is assigned to the excitonic transition
of the conjugated polydiacetylene chains; the position of this peak depends on
the effective conjugation length of the polymer. The presence of a second band
at 540 nm can be attributed to a broad distribution of the conjugation length
present in the polymers, overlaid on the vibronic sidebands of the polydiacetylens
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due to the stretching frequency associated with the double and triple carbon-
carbon bonds. [34] Upon further irradiation a blue shift of the absorption band
and an increase of the absorbance are observed, indicating an increase of the
polymerization degree as well as the polymer yield. Further, the polymerized
samples are easily soluble in THF, chloroform and the other organic solvents,
indicating a low to moderate degree of conversion.
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Figure 6.5: DSC curves of the annealed compound before and after UV polymer-
ization 1 h. First heating scanning curve: heating rate is 5 ◦C/min.
Differential scanning calorimetry (DSC) (Figure 6.5) shows no significant dif-
ferences in the thermal behaviour of the polymerized and monomeric DDABM
samples. Thus, on heating at a rate of 5 ◦C/min, the monomeric and UV-
irradiated DDABM samples (annealed at 25 ◦C for 24 h) reveal a similar thermal
behaviour with only one melting event at Tm = 47.0
◦C and 45.8 ◦C, for the UV
irradiated and not irradiated compound respectively. The heat of fusion ∆H of
both compounds differ only marginal and are 93.2 J/g for the not irradiated and
93.9 J/g for the irradiated sample.
By quenching DDABM to -20 ◦C from the isotropic melt to -20 ◦C at a cool-
ing rate of 40 ◦C/min the crystallization was bypassed. On heating, cold crys-
tallization takes place below 0 ◦C with 5 ◦C/min to -3.9 ◦C and -2.8 ◦C for the
non-irradiated and irradiated ones, respectively. While the melting temperature
and heat of fusion of the non-irradiated and quenched material are only slightly
reduced with respect to the annealed samples, the changes for the irradiated
compound are clearly noticeable. Here the melting temperature is decreased by
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almost 4K to 43.2C and the heat of fusion is reduced 85.0 J/g, while for the non-
irradiated material the heat of fusion is reduced only to 91.0 J/g with a melting
point being located Tm = 44.1
◦C.
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Figure 6.6: 1D WAXD curves of isotropic samples before and after UV-
irradiation, showing only marginal differences in the relative peak intensities.
50 ?m
Figure 6.7: Optical micrograph of the compound deposited on a silicon wafer
rubbed with PTFE.
The minor differences in the thermal behaviour of both irradiated and non-
irradiated samples suggest that DA polymerization does not have a significant
effect on the crystalline structure. This assumption is supported by WAXD mea-
surements performed on the powders of DDABM annealed at room temperature
before and after photo-polymerization in Figure 6.6. The curves reveal only
marginal differences in the relative peak intensities, while the positions of all re-
flections are invariant to the UV treatment. In order to address the crystalline
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structure, we used a silicon wafer substrate rubbed with PTFE to prepare an
oriented crystalline thin film. The solution of DDABM was spin casted onto the
substrate. After annealing the film at RT for 24 h, DDABM formed crystalline
stripes which were oriented strictly along the rubbing direction (Figure 6.7).
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Figure 6.8: 2D Grazing incidence X-ray diffraction patterns recalculated into the
s planar space corresponding to oriented film of DDABM deposited on a silicon
wafer rubbed with PTFE annealed at RT for 24 hours.
2D GIWAXS patterns obtained on oriented crystalline films of DDABM are
given in Figure 6.8 (top and bottom). The patterns correspond to measurements
with the X-ray beam perpendicular and parallel to the rubbing direction, re-
spectively. The strong h00 reflections are located strictly on the meridian of the
patterns indicating a smectic-like stacking of layers parallel to the PTFE-rubbed
substrate. Furthermore, the material revealed a single-crystal like orientation on
the surface, as can be seen from the absence of hkl reflections with l different
from 0, when viewed along the rubbing direction.
The lattice of DDABM is identified as monoclinic with respect to β, with
four molecules per unit cell as derived from the density considerations. The
lattice parameters are the following: a= 39.77 A˚, b= 16.26 A˚ and c= 4.85 A˚, while
β= 88.8 ◦. The slight monoclinicity of the unit cell can be deduced from a small
split of the hkl, hk-l peaks, but appears more clearly from the fact that the h0l
and hkl peaks are not positioned on the same vertical lines as it would be expected
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for an orthorhombic unit cell (Figure 6.8, top). The first order diffreacton peaks
along the a* and b* directions are absent from the patterns, indicating that the
unit cell centred in the ab-projection. The observed reflections together with the
experimental and calculated d-spacings are given in Table 6.1.
Table 6.1: dexp and dcalc spacings of the compound annealed at room temperature.
h k l dexp, A˚ dcalc, A˚ sub-lattice (hkl)
2 0 0 19.90 19.88 -
4 0 0 9.92 9.94 -
6 0 0 6.62 6.63 -
10 0 0 3.97 3.98 -
2 1 0 12.61 12.59 -
6 1 0 6.14 6.14 -
7 1 0 5.36 5.36 -
8 1 0 4.75 4.75 -
9 1 0 4.25 4.26 -
1 2 0 8.00 7.97 -
4 2 0 6.28 6.29 -
6 2 0 5.12 5.14 -
7 2 0 4.64 4.66 -
1 3 0 5.36 5.37 -
2 3 0 5.21 5.23 -
3 3 0 5.01 5.01 -
5 3 0 4.47 4.48 -
7 3 0 3.91 3.92 -
1 4 0 4.03 4.05 100
Continued on next page
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Continued from previous page
h k l dexp, A˚ dcalc, A˚ sub-lattice (hkl)
2 4 0 3.99 3.98 101
3 4 0 3.88 3.89 10-1
4 4 0 3.76 3.76 102
2 0 1 4.73 4.74 -
2 0 -1 4.69 4.69 -
6 0 1 3.97 3.95 -
6 0 -1 - 3.88 -
8 0 1 3.52 3.51 -
8 0 -1 - 3.44 -
1 1 1 4.625 4.63 10
1 1 -1 - 4.61 -
2 1 1 4.56 4.55 01-1
2 1 -1 - 4.51 -
3 1 1 4.40 4.41 11
3 1 -1 - 4.36 -
1 2 1 4.14 4.15 -
1 2 -1 4.11 4.14 -
1 3 1 3.61 3.61 -
1 3 -1 - 3.60 -
2 3 1 3.57 3.57 -
2 3 -1 - 3.55 -
3 3 1 3.48 3.50 -
3 3 -1 - 3.47 -
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The fast growth axis of DDABM can be identified from the crystal orientation
in large spherulites such as the ones grown in thick films of several tens of microns
for 24 h at 25 ◦C. Using a rather small X-ray beam size (200×200µm2) as com-
pared to the lateral dimension of spherulites, oriented patterns can be obtained in
6.9. This situation is similar to what was observed previously in micro-focus X-
ray experiments on polymer spherulites. [35] From the presented pattern, the fast
growth axis, i.e. the radial direction of the spherulitc crystals, can be assigned to
the crystallographic c-axis. The absence of the higher order smectic h00 reflec-
tions indicates that even in a reasonably thick film the smectic layers are oriented
parallel to the substrate. However, since several diffraction zones are present in
the pattern, a significant distribution of the crystal orientation can be assumed.
This is also supported by the fact that the smectic layers are characterized by
azimuthally broad reflections.
X-ray
Figure 6.9: 2D WAXD pattern recorded in transmission geometry on large grown
spherulites of the compound recalculated into the planar s space.
A characteristic feature of the discussed pattern is the high intensity of far
wide-angle peaks located on the first and second layer lines, e.g. the h40 and
h11 reflections. This fact can be accounted for by the existence of a sub-lattice
formed by the octyl groups positioned in the mesogen tails The sub-lattice of the
alkyl groups is a sub-unit of the main lattice that shares the reflections with it, [36]
even if the symmetrys are different. In this case the sub-lattice (Figure 6.10) is
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Figure 6.10: Sub-lattice of the alkyl chains corresponding to the crystalline phase
of compound at 25 ◦C, significantly deviating only in the c parameter from the
lattice of n-octane.
identified as a triclinic unit-cell and is close to the lattice of n-octane, apart from
its c parameter. [37]
smectic
a
c
Figure 6.11: Schematic representation of a possible chain conformation of com-
pound including the orientation of the alkyl sub-lattice.
The indices of the sub-lattice and the corresponding main lattice reflections
are given in Table 6.1. Based on the WAXD data, a model of molecular packing in
the cystalline phase of DDABM is proposed. It can be seen from Figure 6.10, that
the b vector of the sub-lattice corresponds to the c axis of the main lattice, while
the ab-plane of the sub-lattice is parallel to the bc-plane of the main lattice. The
projection of the sub-lattice a vector on the main lattice ac plane corresponds
to 1/4 of the main lattice b vector. Calculating the sub-lattice unit cell using
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the given reflections leads to ac parameter of approximately one half of the a
parameter of the main lattice unit cell. From this fact, one can assume that the
main lattice contains two layers of the quasi 2D lamellar arrays of the alkyl sub-
lattice along its a direction. The lattice parameters of the triclinic sub-lattice are
calculated to be: a= 4.23 A˚, b= 4.85 A˚ and c= 19.71 A˚, while α= 94.8 ◦, β= 86.1 ◦
and γ= 107.8 ◦.
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Figure 6.12: Scattering intensity as a function of the modulus of the scattering
vectors and temperature for compound measured heating from -20 ◦C to 60 ◦C at a
rate of 5 ◦C/min for the annealed materials before and after UV irradiation, top and
middle, respectively. The panel on the bottom shows the temperature behaviour
for a UV irradiated compound quenched from the isotropic melt to -20 ◦C.
According to the model, the alkyl groups have a setting angle of about 60 ◦
in the ab-plane of the main lattice, while they are inclined by about 15 ◦ towards
the fast growth axis direction. Using the argument that the chain flux through
a crystal lattice is constant in order to avoid formation of voids, the inclination
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angle of the straight segments such as the DA unit in the tails can be estimated.
Therefore, if the diameter of a DA unit was approximated by 2.3 A˚, it will be
inclined for about 30 ◦ both towards the fast growth axis to the b vector of the
main lattice. According to this, the repeat distance of the DA units should
correspond to the c parameter of the main lattice of 4.85 A˚, which fulfills the
requirements for the topochemical polymerization.
The thermal behaviour the compound in the temperature range of -15 ◦C to
60 ◦C does not reveal any significant differences between the polymerized and non-
polymerized samples, except for a small variation in the transition temperatures
as shown by temperature-dependent WAXD (Figure 6.12).
When heating the DDABM samples room temperature annealed from tem-
peratures below 0 ◦C, both materials, UV irradiated and non-irradiated, show a
solid-state phase transition around 0 ◦C characterized by a slight change of the
relative peak intensities of the sub-lattice reflections only. This change in the
relative intensities likely corresponds to a modification in the conformation of the
alkyl segments, i.e. to a change in the setting angles. Remarkably, this change
coincides with the main exothermic event around 0 ◦C for the quenched com-
pound as seen by DSC (Figure 6.5). This low temperature phase only forms from
the room temperature phase, while it is not formed on fast cooling below 0 ◦C
followed by annealing at this temperature, as seen from Figure 6.12, bottom.
6.4 Conclusion
A novel wedge shaped molecule containing two diacetylene tails 3,5-di(trideca-2,4-
diynyloxyl)benzoic acid methyl ester (DDABM) was synthesized. As indicated
by UV-vis spectroscopy this compound can be polymerized under UV-irradiation.
An oriented crystalline thin film of DDABM was obtained on a silicon wafer sub-
strate rubbed with polytetrafluoroethylene, and analysed with grazing incidence
wide-angle X-ray diffraction. Furthermore, the spherulites formed by DDABM in
a thick film were investigated by wide-angle X-ray diffraction measurements with
a small beam size. DDABM was found to form a monoclinic crystalline lattice.
The main lattice contains 2 layers of quasi two dimensional lamellar arrays of alkyl
sub-lattice which has a triclinic unit-cell, close to the lattice of n-octane apart
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from its c parameter. A molecular packing model in the crystalline structure
of DDABM was proposed based on the X-ray diffraction data, and it was found
that the diacetylene units were oriented along a well-defined lattice direction with
a packing period of 4.85 A˚, which fulfilled the requirements for a topochemical
polymerization. It was also demonstrated that the UV-polymerization did not
affect the phase behaviour of the compound, but altered its optical properties
and melt viscosity.
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7Photopolymerization of a Diace-
tylene-Containing Amphiphilic
Wedge-Shaped Molecule in a
Liquid Crystalline State
In this chapter, we demonstrate the influence of UV-polymerization of a wedge-
shaped diacetylene-containing amphiphilic molecule 3,5-bis(trideca-2,4-diyn-1-ylo-
xyl)benzoic acid (DDABA) in a monotropic hexagonal columnar mesophase. The
polymerization results in an improved ability of the mesophase formation, i.e.
the polymerized compound can no more be vitrified by fast cooling from the
isotropic melt, and a significant change of lattice parameters of the crystalline
phase. Meanwhile, a highly ordered helical columnar structure is detected in an
oriented thin film on a PTFE-rubbed silicon wafer substrate and subsequent an-
nealing by means of grazing incidence wide X-ray angle diffraction (GIWAXD)
measurements.
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7.1 Introduction
Since the first reports of Wegner et al., [1–4] poly(diacetylene)s (PDAs) prepared by
means of topochemical polymerization of diacetylenes (DAs) via UV irradiation
or thermal treatment have drawn growing attentions over the last decades [5–16]
due to their numerous promising applications ranging from biosensors [17–19] to
nonlinear optics. [20,21] Unlike most reactions, topochemical polymerization pro-
vides a novel way to introduce well-defined, non-random cross-link structure into
the polymeric materials without disrupting the packing of the original polymer
chains. In addition to solid state polymerization of DA derivatives arranged in a
crystal lattice, [22,23] extensive studies of their polymerization in other organized
states such as Langmuir-Blodgett films, [24,25] self-assembled monolayers, [26] lipid
bilayers, [27] tubular double helices, [28] vesicles [29,30] have been carried out. The DA
topochemical polymerization was also demonstrated in less ordered liquid crys-
talline (LC) phases, not only for calamitic LCs, [31] but also for amphiphilic [32]
and discotic mesogens. [33,34] Apart from a few exceptions, the PDAs formed by
polymerization of the calamitic mesogens did not exhibit LC properties, possibly
due to the alteration of the mesogenic structure. The amphiphilic and discotic
meogens containing DA groups generally preserved the LC behavior after the
polymerization.
Wedge-shaped molecules bearing a polar group at the tip of the wedge and
a big hydrophobic body are able to self-assemble into well-defined columnar su-
perstructures with the polar groups arranged along the columnar axis. [35–38] In
order to arrest the columnar structure permanently, vinyl groups were usually
introduced to the end of alkyl tails of these molecules, and they were then poly-
merized in the LC states or gels. [39–43] It should be noted that the topochemical
polymerization of DA groups in the columnar mesophases can lead to the covalent
fixation of the supramolecular columns without intercolumnar cross-linking.
Wedge-shaped DA-containing amphiphilic molecules that can undergo UV-
polymerization in the columnar phases were reported. [44] It was shown that the
UV-polymerized samples maintained the columnar phases, however, the detailed
analysis of the material structure before and after polymerization has not been
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carried out. The influence of the DA polymerization on the overall phase behavior
of such kind of molecules therefore remains unclear.
In this work we synthesized a new wedge-shaped amphiphilic molecule contain-
ing diacetylene units in the tails, namely 3,5-bis(trideca-2,4-diyn-1-yloxyl)benzoic
acid (DDABA) (Figure 7.1), which formed a monotropic hexagonal columnar
mesophase by cooling from the isotropic melt to room temperature. The poly-
merization of DDABA was carried out by UV-irradiation in the mesophase. This
compound before and after polymerization was studied by means of differential
scanning calorimetry (DSC), polarizing optical microscopy (POM) and different
X-ray diffraction techniques.
C
O
OH
C8H17
C8H17 CH2O
CH2O
DDABA
Figure 7.1: Chemical structure of 3,5-bis(trideca-2,4-diyn-1-yloxyl)benzoic acid
(DDABA).
7.2 Experimental
7.2.1 Materials
The synthesis of methyl 3,5-bis(trideca-2,4-diyn-1-yloxyl)benzoate (DDABM) was
described in Chapter 6. Sodium sulphate (AnalaR NORMAPUR ACS, zur
Analyse, VWR), sodium hydroxyl (AnalaR NORMAPUR ACS, zur Analyse,
VWR), ethanol (AnalaR NORMAPUR ACS, zur Analyse, VWR), ethyl acetate
(AnalaR NORMAPUR ACS, zur Analyse, VWR), n-hexane (AnalaR NORMA-
PUR ACS, zur Analyse, VWR), chloroform (AnalaR NORMAPUR ACS, zur
Analyse, VWR), and hydrochloric acid (AnalaR NORMAPUR ACS, zur Analyse,
VWR) were used as received. Silicon wafers with a pattern (100) were purchased
from Crys Tec. Kristalltechnologie Company. PTFE substrates were prepared
by rubbing PTFE on the silicon wafers along the same direction at 400 ◦C.
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7.2.2 Synthesis
3,5-Bis(trideca-2,4-diyn-1-yloxyl)benzoic acid (DDABA): In a 100 mL flask was
placed 0.8 g DDABM, which was synthesized in the above chapter, 20 mL 80%
Ethanol, and 5 mL sodium hydroxyl solution (5%). The mixture was reacted
at 78 ◦C for 3 h with stirring. After cooling to room temperature, the reaction
mixture was acidified to PH = 1 with diluted HCl. The solution was poured
into 100 mL ethyl ether and transferred to a separatory funnel. The organic
phase was washed with H2O (3×50 mL), and dried over Na2SO4; the solvent
was subsequently evaporated in vacuum to afford the product as the light yellow
powder. Yield: 0.7 g 97%, purity ≥ 98% by 1H NMR spectroscopy. Elemental
analysis for C33H42O4 (502.31 g mol
−1): C, 74.07 wt.-%; H, 8.42 wt.-%. Calcd:
C, 78.85 wt.-%; H, 8.33 wt.-%. 1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 9H;
CH3), 1.21 (m, 30H, CH3CH2), 1.44 (m, 6H, CH2), 2.12 (t, 6H, CH2C≡C),
4.72 (s, 6H, C≡C-CH2-O), 7.45 (s, 2H, ArH ortho to CO group). 13C NMR
(100 MHz, CDCl3): 14.10 (CH3), 19.21 (CH2C≡), 22.67 (CH3CH2), 28.36, 28.83,
29.12, 29.28, 31.95 (CH2), 57.86 (CH2O), 61.10 (CH2O), 61.24 (COOCH2CH3),
64.46 (CH2C≡C-C≡C), 69.93 (CH2C≡C-C≡C), 71.92 (CH2C≡C-C≡C), 83.44
(CH2C≡C-C≡C), 109.05 (ArC ortho to CO group), 126.09 (ArC ipso to CO
group), 141.11 (ArC in 4’ position relative to CO group), 151.42 (ArC in 3’, 5’
position relative to CO group), 165.10 (COOH).
Polymerization in the liquid crystalline state: Quartz substrates were cleaned
by sonication in acetone, water, and isopropanol for 2 min each, followed by dry-
ing in a stream of nitrogen. Films were prepared by spin-coating a 10 g/L chlo-
roform solution on the cleaned quartz substrates with a low speed of 500 rpm,
and the thickness was accordingly measured to be 200± 5 nm by ellipsometry.
UV-irradiation was carried out using a UV-lamp of 12 W at 254 nm placed at a
distance of 5 cm from the samples with the different irradiation time ranging from
five minutes to one hour at room temperature.
7.2.3 Techniques
Differential scanning calorimetry (DSC) measurements were performed using a
Netzsch DSC 204 unit. Samples (typical weight: 5 mg) were enclosed in stan-
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dard Netzsch 25µL aluminum crucibles. Indium and palmitic acid were used as
temperature calibration standards. The employed heating and cooling rates were
10 ◦C/min. For quenching a cooling rate of 40 ◦C/min was used.
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a
Bruker DPS 300 spectrometer, using tetramethylsilane (TMS) as an internal
standard. CDCl3 was used as solvent. The concentration of the solution is 15 –
30 mg/mL.
Polarized optical microscopy (POM): For thermo-optical analysis a Carl Zeiss
Axioplan 2 imaging polarizing microscope equipped with a Mettler Toledo FP
82HT hot stage connected to a Mettler Toledo FP 90 processor was used. The
micrographs recorded with a Carl Zeiss AxioCam MRc digital camera.
UV-vis spectroscopy: UV-vis spectra were recorded on quartz at room tem-
perature on a Perkin-Elmer Lambda EZ210 UV-vis spectrometer at a scan rate
100 nm/min. The slit width was 2 nm. Stock 10 g/L solutions of the benzoic
acid methyl ester and corresponding acid were prepared in chloroform. Prior to
drop-coating, the solutions were filtered through 0.2µm PTFE syringe filters.
Wide angle X-ray diffraction (WAXD) experiments at variable temperatures
were conducted at the BM26 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France, using X-ray photons with energy of 12 keV
(Bras et al. 2003). In order to get uniaxial oriented material DDABA was heated
upon the isotropization temperature followed by a extrusion through a die of
300µm diameter at RT. The compounds were placed with its fiber axis perpen-
dicular to the incident X-ray beam. The temperature of the sample was controlled
using a LinkamTM heating stage adapted for X-ray experimentation. The 2D X-
ray patterns were collected in transmission geometry using a 2D Frelon CCD
with a 2×2 binning ending up with a pixel resolution of 100µm in both lateral
directions.
Grazing incidence wide angle diffraction (GIWAXD) were performed at the
X6b beamline of the National Synchrotron Light Source (NSLS) at the BNL,
Brookhaven. The used X-ray photons were having energy of 18 keV. The different
compounds were dissolved in chloroform in a 0.01w% solution and drop-casted
on the PTFE rubbed Si substrate followed by an annealing process at 25 ◦C for
24 h. The drop casted samples were placed in an Instec heating stage mounted
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on a 6-circle Huber 5020 diffractometer with vertical scattering geometry. The
samples were oriented with the rubbing direction parallel and perpendicular to
the incident X-ray beam. The 2D diffraction patterns were collected using a
Princeton Instruments CCD area detector, 8 cm 640-element Si strip detector.
X-ray data reduction and analysis: The modulus of the scattering vector s=
2 sin(θ/λ), where θ is the Bragg angle and λ is the wavelength, was calibrated
using several diffraction orders of silver behenate. The data reduction and analysis
including geometrical and background correction, visualization and resampling
into polar coordinates of the 2D diffractograms were performed using home-built
routines written in Igor Pro software package from WaveMetricsTM.
7.3 Results and discussion
DDABA was obtained in the form of a white powder. In comparison to its methyl
ester this compound exhibits a more complex phase behaviour. The DSC curve
of the first heating (Figure 7.2 solid line) shows a clear melting point at 79.7 ◦C.
Upon cooling from the isotropic melt with a rate of 10 ◦C/min an endothermic
event was observed at 16 ◦C with an enthalpy of 39.85J/g (Figure 7.2 dashed line).
During the second heating a number of additional endothermic and exothermic
events emerge at 33 ◦C, 50 ◦C and 54 ◦C (Figure 7.2 dotted line), revealing that the
compound undergoes different non-equilibrium transitions before isotropization.
POM showed that after cooling from the isotropic melt to room temperature,
DDABA formed a fan-shaped texture (Figure 7.3) indicative of a LC phase. It
should be noted that the LC phase was stable at room temperature for pretty
a long time (more than 1 h). By annealing the isotropic melt or LC phase at
60 ◦C for more than 30 minutes one can observe the gradual growth of crystalline
spherulites (Figure 7.3).
Temperature resolved synchrotron X-ray diffraction measurements were car-
ried out on the extruded fiber sample to address the complex thermal behav-
ior of DDABA. DDABA was extruded into slender fibers, followed subsequently
wrapped in aluminum foil and heated from room temperature up to 100 ◦C us-
ing a heating rate of 5 ◦C/min. After isotropization the sample was quenched
to -20 ◦C with a cooling rate of 100 ◦C/min followed by a second heating up to
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100 ◦C. The scattering intensities as a function of temperature for the quenched
compound are given in Figure 7.4 left and right respectively.
0 20 40 60 80 100 120 140
T, oC
 first heating
first cooling
 second heating Endo
Figure 7.2: DSC traces of DDABA corresponding to the first heating (solid line),
first cooling (dashed line) and second heating (dotted line). Heating and cooling
rates are 10 ◦C/min.
Figure 7.3: POM image of DDABA: quenching the compound from 100 ◦C/min
to RT; annealing the compound at 60 ◦C/minfor 30min.
After quenching the sample from the isotropic melt to -20 ◦C, the isotropic
state is mostly frozen; only a broad peak at 24 A˚ is present coinciding with the
length of the molecule in extended conformation. Upon heating to 0 ◦C, two peaks
become visible, indexed as 100/010 at 17.10 A˚ and 110 at 9.91 A˚ corresponding
to a hexagonal columnar meso-structure with a= b= 19.80 A˚ and γ= 60 ◦ while
the broad peak attributed to the molecule length in extended conformation is
conserved and shifts to a slightly lower s value. At approx. 33 ◦C the compound
115
7 Photopolymerization of a Diacetylene-Containing Amphiphilic
Wedge-Shaped Molecule in a Liquid Crystalline State
undergoes a phase transition to a metastable monoclinic phase as it can be seen
from the split of the 100/010 peak. This monoclinic lattice changes continu-
ously with temperature and reaches at about 55 ◦C a unit-cell with a= 19.90 A˚,
b= 16.70 A˚ and γ= 66.5 ◦. Simultaneously the broad peak at 24 A˚ splits as well
into a doublet with indicating the existence of two unordered molecular confirma-
tions present with a characteristic length of 27.0 A˚ and 21.5 A˚. At approx. 60 ◦C
a second solid state phase transition takes place towards an stable monoclinic
structure with a possible unit cell indexexation with a= 21.86 A˚, b = 10.53 A˚ and
γ= 83.9 ◦ is formed. The details of the present lattices and the corresponding
parameters are given in Table 7.1.
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Figure 7.4: (Left) Temperature resolved X-ray diffraction of DDABA with the
heating rate of 5 ◦C/min after quenching, top and bottom respectively. (Right) 1D
scattering intensities at indicated temperatures showing the change of the unit cell
as a function of temperatures for the quenched compound.
With a pretty stable monotropic columnar mesophase, DDABA is a promis-
ing candidate for testing the DA-polymerizability of wedge-shaped amphiphilic
molecules in this phase. Prior to polymerization, films with a thickness of 200± 5
nm were prepared by spin-coating a 10 g/L chloroform solution on cleaned quartz
substrates with a speed of 500 rpm. They were exposed to UV-irradiation of
254 nm. Different irradiation times ranging from five minutes to one hour were
applied. The transformation of the DA unites into PDA was monitored by UV-vis
spectroscopy (Figure 7.5). For the non-polymerized sample, no absorption peaks
were observed in the wavelength range of 400 to 700 nm. Starting from 10 min
UV irradiation two absorption peaks at λmax = 561 nm and at 506 nm are present.
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The relatively sharp absorption band at 561 nm is attributed to the vibrational
side band originated by the coupling of the valence electronic levels with the vi-
brations of the backbone double and triple bonds. The presence of a second band
at 506 nm can be assigned to the PDAs in a less ordered environment. With fur-
ther irradiation, the intensities of the absorbance bands do not increase or shift
significantly indicative of a steady degree of polymerization. GPC data shows
the polymerized sample has low molecular weight, dimer or trimers are observed
in the compounds.
Table 7.1: Experimental d-spacing corresponding to diffraction peaks of DDABA
at different temperature.
h k l dexp, A˚
0 ◦C–30 ◦C
1 0 0 17.10
1 1 0 9.91
30 ◦C–60 ◦C
1 0 0 18.18
0 1 0 15.63
1 -1 0 14.93
1 1 0 10.01
2 -1 0 9.78
60 ◦C–80 ◦C
1 0 0 21.74
0 1 0 21.74
0 1 0 10.47
1 1 0 9.85
2 -1 0 7.07
3 -1 0 5.61
The polymerized DDABA shows a slight different optical morphology from
the non-polymerized one, as shown in Figure 7.6. Typical liquid crystal struc-
ture remains clear for the quenched compound, while the spherulites, formed by
annealing it at 60 ◦C for 30 min, do not exhibit the obvious birefringent Maltese
crosses under polarized light as the non-polymerized sample. This unusual behav-
ior is probably due to due to an alteration in the conformation of the molecules
caused by UV polymerization. Comparing the thermodynamic behavior of the
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Figure 7.5: UV-vis spectra of thin films after exposure to 254 nm UV irradiation
for times from 0 to 60 min.
Figure 7.6: POM images of the UV polymerized DDABA: (left) quenched from
100 ◦C to RT; (right) annealed at 60 ◦C for 30 min.
UV polymerized DDABA with the neat monomer shows that both materials re-
veal the similar phase transition as it can be seen from the DSC measurements.
The melting endotherm for the annealed and UV irradiated compound at 78.8 ◦C
is close to the one measured for the monomer at 79.7 ◦C (Figure 7.7. solid line).
A similar trend is observed for the melting enthalpy. For the polymerized com-
pound the transition enthalpy is 60.7 J/g which is slightly lower than that of the
corresponding monomer having an enthalpy of 64.1 J/g.
When cooling the sample from the isotropic state to low temperature at rate
10 ◦C/min (Figure 7.7 dashed line), the polymer exhibits an exothermic event at
7 ◦C with an enthalpy of 30.1 J/g, which is lower than that of the monomer at
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Figure 7.7: DSC traces of UV polymerized DDABA corresponding to the first
heating (solid line), first cooling (dashed line) and second heating (dotted line).
Heating and cooling rates are 10 ◦C/min.
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Figure 7.8: (Left) Temperature resolved X-ray diffraction of UV polymerized
DDABA heated with a rate of 5 ◦C/min after quenching. (Right) 1D scattering in-
tensities at indicated temperatures showing the change of the unit cell as a function
of temperatures for the annealed and quenched UV polymerized DDABA
16 ◦C with an enthalpy of 39.9 J /g (Figure 7.2 dashed line). The transition with
a lower temperature than that of the monomer shows, the UV irradiation changes
the crystallization kinetics, and the less enthalpy indicates a decrease in the pri-
mary nucleation density. Comparing the second heating of the monomer with
that of the UV irradiated compound exhibits that both revealing again a simi-
lar thermal behavior being only different in the absolute values of the transition
enthalpies at 33 ◦C and 60 ◦C (Figure 7.7 dotted line).
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Temperature resolved WAXD experiments implemented the UV polymerized
DDABA are given in Figure 7.8. The measurements were performed in a similar
quenching manner to that carried out for the non-polymerized acid mentioned
above (Figure 7.4). Upon quenching the compound from isotropic state to -20 ◦C
the polymerized acid remains a hexagonal columnar phase with the lattice param-
eters lattice (a= b= 19,67 A˚, γ= 120 ◦), but not an amorphous phase as shown
by the non-polymerized compound. The difference in the lattice parameters only
marginal and possibly due to the pre-organization by the polymerization in the
mesophase.
Table 7.2: Experimental d-spacing corresponding to diffraction peaks of polymer-
ized DDABA at different temperature.
h k l dexp, A˚
-20 ◦C – 30 ◦C
1 0 0 16.99
1 1 0 9.77
30 ◦C – 60 ◦C
1 0 0 17.89
0 1 0 15.22
1 -1 0 14.96
1 1 0 9.77
2 -1 0 9.00
60 ◦C – 80 ◦C
1 0 0 21.74
0 1 0 13.61
1 1 0 10.58
2 0 0 10.46
2 -1 0 9.86
3 0 0 6.87
3 -1 0 5.80
Similar to the monomer the UV polymerized DDABA undergoes a solid state
phase transition at about 33 ◦C transforming to a monoclinic columnar phase
with the lattice parameters identified as a= 19.65 A˚, b= 16.82 A˚ and γ= 68.50 ◦
as it is observed for the non-polymerized compound. The structure as well as
the corresponding lattice parameters also changed gradually with the increase of
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temperature until a stable monoclinic crystalline phase forms at 60 ◦C. However,
the lattice parameters (a= 22.27 A˚, b= 14.09 A˚ and γ= 75.3 ◦) alter significantly
from that of the non-polymerized one which is probably due to polymerized-
induced rearrangement of the molecular chains. The details of the present lattices
and the corresponding parameters are given in Table 7.2.
When spin-coated the thin films of the polymerized DDABA on silicon wafer
rubbed with polytetrafluoroethylene (PTFE) and annealed it at RT for 24 hours,
an attractive supramolecular structure appears which addressed by the 2D Graz-
ing Incidence Wide Angle X-ray Diffraction patterns with the X-ray beam per-
pendicular to the rubbing direction in Figure 7.9.
X-ray
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Figure 7.9: 2D GIWAXS film pattern of the annealed polymer. The incident
X-ray beam was oriented perpendicular to the rubbing direction.
The GIWAXD pattern reveals a columnar structure, where the columns are
oriented parallel to the substrate along the PTFE rubbing direction, which is in
good agreement with the results of the above description. The absence of layer
lines in the meridional direction of the pattern indicates non orthogonal unit cell
(i.e. monoclinic, hexagonal, etc.) as found for the non-annealed DDABA. The
layer line appearance in the equatorial direction with a first strong maximum
at the 4th line reveals a helical arrangement of the disks formed by the wedge
shaped molecules, where each disk of the molecular stack is rotated with respect
to adjacent disk and each four layers have an identical structure. The layer of
molecules has a thickness of about 4.76 A˚. Most probably, each disk constructed
by 6 molecules is rotated for 15 ◦ with respect to the adjacent one thus forming
a 241 helical structure (Figure 7.10).
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Figure 7.10: The proposed model of the polymerized DDABA.
7.4 Conclusion
We managed to polymerize a wedge shaped diacetylene-containing amphiphilic
molecule, 3,5-bis(trideca-2,4-diyn-1-yloxyl)benzoic acid (DDABA), in a monotropic
hexagonal columnar phase by UV-irradiation. UV-polymerization of DDABA re-
sults in an improved ability of the mesophase formation, i.e. the compound can
no more be vitrified by fast cooling from the isotropic state, and a significant
change of lattice parameters of the crystalline phase. Meanwhile, a highly or-
dered helix-like columnar structure was detected in an oriented crystalline thin
film of the polymer deposited via spin-coating on a PTFE-rubbed silicon wafer
substrate and subsequent annealing.
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8Template-to-Template Synthesis
in Supramolecular Complexes of
Diacetylene-containing Wedge-
shaped Sulfonic Acid Molecules
and Polybase
The aim of this research is to use self-organization mechanism of wedge-shaped
amphiphilic sulfonic acid molecules and polybases to prepare functional nanoob-
jects with defined dimensions and to accomplish a template-to-template syn-
thesis, enabling replication of the molecular weight. For this purpose we have
prepared a series of supramolecular complexes of poly(2-vinylpyridine) and a
new wedge-shaped sulfonic acid molecule, namely 2-[3,5-bis(trideca-2,4-diyn-1-
yloxy)benzamido]ethanesulfonic acid (DDABT). As shown by small angle X-ray
scattering (SAXS) and scanning force microscopy (SFM) measurements these
complexes exhibit a hexagonal columnar structure. We are able to perform the
intracolumnar polymerization by means of UV-irradiation in the mesophase. Fi-
nally it is attempted to remove the templating polymer chains by acid treatment
and to polymerize vinylpyridine molecules in the hollow complex columns.
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8.1 Introduction
Mimicking nature is always a big challenge. Besides the self-organization of the
supramolecules, self-replication, e.g. replication of proteins and DNA, is also en-
countered, and thus it plays a pivotal role for the continuation of living organ-
isms. [1,2] An attempt to mimic this process in synthetic polymer chemistry is so
called template polymerization, which was firstly brought forward by Szwarc. [3]
Template polymerization is usually defined as a process in which the monomer
units are organized by a preformed macromolecule and refers to one phase systems
in which the monomer and template are soluble in the same solvent or are present
in a form of a swollen gel. [4] In this case, pre-organization of monomer molecules
with the macromolecules via weak interactions, such as hydrogen bonds and elec-
trostatic forces can be recognized as the first key step. [5–9] Further, the organized
finite and individual nanoobjects demand to be stabilized and modified by the
subsequent polymerization. [10–14] In addition, self-disassembly is also crucial to
fulfill the requirements for the final step – self-replication. One typical example is
that template polymerization based on the self-assembled cylindrical structures,
that resemble the self-assembly and self-replication mechanism of tobacco mosaic
virus. [15–19] Such polymerized supramolecular assemblies can provide the novel
functionality as otherwise known only in natural protein based systems, such as
molecular carrier functions, directed transport of excited states and in catalysis,
etc. [20–22]
Template polymerization based on the cylinder structure is an essential prin-
ciple in nature for the replication of DNA and protein synthesis, [23,24] synthetic
efforts have however often failed expectations because of the structural constraint
which is not sufficient to guarantee consecutive and complete linkage without
breaks and the controlled combination of different building blocks. [25] In this
case, the challenge is presented by the fact that covalent linkage of the assem-
bled units can improve robustness but must impede the functionality to mimic
the self-disassembly and self-replication of DNA. [26,27] In the case of a 3D-defined
supramolecular complex between a polymer and suitable low molecular weight
moieties polymerization of the latter may allow one to imprint the organized
structure onto the polymer and preserve the imprinted organized state of the
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guest after the removal of the structure-directing host. [28,29] Thus, a new class
of self-assembled supramolecular materials that combine the structuring abili-
ties of wedge-shaped sulfonic acids and the ligand acid/polybase may accom-
modate the requirements. In this way one can mimic the architecture of the
tobacco mosaic virus (TMV), in which a helical RNA chain is complexed by self-
assembled identical protein molecules via non-covalent weak interactions. More-
over, like TMV, the length of the complex is controlled by the length of the central
macromolecule. [29] However, the self-replication of the supramolecules cannot be
achieved due to the existence of non-fixed columnar structure after disassem-
bling. So, incorporation of polymerizable groups into wedge-shaped complexes
will be a promising approach to mimic the reversible characterization of TMV.
The proposed process is shown in Figure 8.1.
Template to Template
Figure 8.1: Proposed model of template-to-template polymerization.
In our case, the supramolecular self-assembly principle of the complexes of
wedge-shaped sulfonic acid molecules containing polymerizable diacetylene (DA)
group with a polybase e.g. poly(2-vinylpyridine) (P2VP) to pre-organize the
monomer into supramolecular rods, with the subsequent polymerization in the
liquid crystal (LC) state, supramolecular nanoobjects with a defined size can be
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formed. It should be noted that the topochemical polymerization of DA groups
in the columnar mesophases leads to the covalent fixation of the supramolecu-
lar columns without intercolumnar cross-linking. After polymerization, the inner
polymer chain can be removed by ion exchange in a strong acidic medium, and
eventually the hollow macromolecular coat with a functional pore will be em-
ployed to prepare replication of the template macromolecule. In this way, the
template-to-template polymerization in the synthetic polymer chemistry will be
achieved.
8.2 Experimental
8.2.1 Materials
Taurine (purum, 97%, Fluka), thionyl chloride (purum, ≥ 99.0%, Fluka), tri-
ethylamine (purum, ≥ 99.0%, Aldrich), dimethylformamide (DMF) (anhydrous,
99.8%, Sigma-Aldrich), tetrahydrofuran (THF) (anhydrous, ≥ 99.9%, Sigma-
Aldrich), ethanol (absolute, AnalaR NORMAPUR ACS, zur Analyse, VWR),
methanol (AnalaR NORMAPUR ACS, zur Analyse, VWR), ethyl acetate (AnalaR
NORMAPUR ACS, zur Analyse, VWR), n-hexane (AnalaR NORMAPUR ACS,
zur Analyse, VWR), diisopropyl ether (AnalaR NORMAPUR ACS, zur Anal-
yse, VWR), diethyl ether (AnalaR NORMAPUR ACS, zur Analyse, VWR),
chloroform (AnalaR NORMAPUR ACS, zur Analyse, VWR), acetone (AnalaR
NORMAPUR ACS, zur Analyse, VWR) were used as received. Poly(2-vinylpyri
dine) (P2VP) (Mn = 1.5×105) was purchased from Polymer Source Inc. It was
dried in vacuum at 60 ◦C for 36 h prior to use.
8.2.2 Synthesis
2-(3,5-Bis(trideca-2,4-diynyloxy)benzamido)ethanesulfonic acid (DDABT): To a
well stirred solution of 3,5-bis(trideca-2,4-diyn-1-yloxy)benzoic acid (1.6 g, 3.1
mmol) in dried dichloromethane (10 mL) thionyl chloride(1.8 g, 1.1 mL) was added.
After 5 h the solvent was removed in vacuum and the product 3,5-bis(trideca-2,4-
diyn-1-yloxy)benzoyl chloride was dissolved in 15 mL dried THF. The resulting
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solution was added dropwise into a well dispersed solution of taurine (0.46 g,
3.7 mmol) and triethylamine (0.31 mL, 4 mmol) in dried DMF (20 mL) at 0 ◦C.
Upon complete addition stirring was continued for another 12 h at room tem-
perature. The reaction mixture was poured into water (200 mL), acidified to
pH = 5, and then extracted several times with chloroform. The extract was dried
over anhydrous sodium sulphate, and the solvent was removed under reduced
pressure. The product was purified by gradient columnar chromatography us-
ing ethyl acetate/ethanol. Ethyl acetate was firstly used to wash away all the
organic impurities, and then the product was washed out using a mixture ethyl
acetate/ethanol (1/5). The purified product was dissolved in dried benzene to
prepare a 10 wt.-% solution, and the resulting solution was filtered through a
membrane filter with a pore size of 5µm. An white powder was obtained after
freeze-drying. Yield: 1.13 g (61%), purity ≥ 98% according to 1H NMR spec-
troscopy. Elemental analysis for C35H47NO6S (609.31 g mol
−1): C, 60.78 wt.-%;
H, 5.64 wt.-%; N, 2.54 wt.-%. Calcd: C, 68.93 wt.-%; H, 7.77 wt.-%; N, 2.30 wt.-%.
1H NMR (400 MHz, CDCl3): δ= 0.82 (t, 9H; CH3), 1.21 (m, 30H, CH3CH2), 1.44
(m, 9H, CH2), 2.12 (t, 6H, CH2C≡C), 3.71 (m, 2H, -CH2SO3H), 3.76 (m, 2H,
-CONH-CH2-), 4.25 (m, 2H, COO-CH2CH3), 4.72 (s, 6H, C≡C-CH2-O), 6.53
(s, 1H, ArH ipso to CO group), 7.37 (s, 2H, ArH ortho to CO group).13C NMR
(100 MHz, CDCl3): 14.13 (CH3), 19.20(CH2C≡), 22.60 (CH3CH2), 28.31, 28.82,
29.1, 29.24, 31.93 (CH2), 37.92 (CONHCH2-), 47.90 (CH2SO3H), 57.84 (CH2O),
61.12 (CH2O), 61.22 (COOCH2CH3), 64.42 (CH2C≡C-C≡C), 69.90 (CH2C≡C-
C≡C), 71.91 (CH2C≡C-C≡C), 83.41 (CH2C≡C-C≡C), 109.02 (ArC ortho to
CO group),126 (ArC ipso to CO group), 141.02 (ArC in 4’ position relative to
CO group),151.40 (ArC in 3’,5’ position relative to CO group), 167.61 (CONH).
P2VP/2-[3,5-Bis(trideca-2,4-diyn-1-yloxy)benzamido]ethanesulfonic acid com-
plexes (P2VP/DDABT): A solution of DDABT (60.9 mg, 0.10 mmol) in 10 mL
of chloroform was added to a well-stirred solution of P2VP (10.5 mg for complex
DN = 1.0; 14 mg for complex DN = 0.75; 21 mg for complex DN = 0.50; 42 mg
for complex DN = 0.25 in chloroform, concentration of P2VP was 1.0 mg/mL) to
prepare the complex. The resulting solution was stirred for additional 2 h. Subse-
quently the solvent was removed under reduced pressure on a rotary evaporator.
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The product was dried in vacuum at 40 ◦C for 6 h. The yields of the complexes
were 96 – 98%.
Polymerization of the diacetylene derivatives: Stock 10 mg/ml solutions of
diacetylene derivatives were prepared in chloroform. Films were obtained by
dropped the solutions on cleaned quartz substrates after filtering the solutions
through 0.2µm PTFE syringe filters. Photopolymerization was carried out by
irradiation with a 12 W UV lamp at 254 nm placed at a distance of 5 cm from
the quartz for 1 h at room temperature until the color of the film changes from
colorless to red.
Removal of P2VP from polymerized complexes: The films of the polymerized
complexes on the quartz substrate were immersed into the diluted hydrochloric
acid (HCl) with pH = 1 for 30 seconds. Afterwards, the films were washed by
distilled water for three times to remove the decomposed P2VP and the rest
monomer 2-vinylpyridine, followed by drying the films in vacuum.
Polymerization of 2-vinylpyridine in the hollow complex column: Equivalent
amount of monomer 2-vinylpyridine was dropped into the chloroform solution
(10 mg/mL) of the polymerized complexes and stirred continually for 2 h. After-
wards, the solvent was removed and the samples were dried in vacuum.
8.2.3 Techniques
1H NMR and 13C NMR spectra were recorded with a Bruker AV 400 spectrometer
instrument at 400 MHz and 100 MHz, respectively, using tetramethylsilane as
internal standard. Either CDCl3 or DMSO-d6 was used as the solvent. The
concentration of the solution was 15 – 30 mg/mL.
Optical microscopy: For the optical analysis a Carl Zeiss Axioplan 2 imaging
microscope was used. The micrographs were recorded with a Carl Zeiss AxioCam
MRc digital camera.
Small-Angle X-ray Scattering (SAXS) measurements were carried out at the
BM26B beamline of the European Synchrotron Radiation Facility in Grenoble,
France, using X-ray photons with energy of 10 keV. The SAXS data were collected
in transmission using a 2D Pilatus 1M detector with 10 segments. After correcting
the 2D diffractograms for absorption and background scattering, the intensity was
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re-sampled in polar coordinates, integrated and plotted as a function of the norm
of the scattering vector s (s= 2 sin(θ/λ), where θ is the Bragg angle and λ is the
wavelength). The d-spacing was calibrated using five diffraction orders of silver
behenate.
Scanning Force Microscopy (SFM) studies were conducted using a Nanoscope
IIIa from Digital Instruments operating in the tapping mode. Standard silicon
cantilevers were used (PPP-FM-W from Nanosensors) with a spring constant k
≈ 2.8 N/m an oscillation frequency f 0 ≈ 75 kHz. Height and phase images were
recorded simultaneously at a scan rate of 0.85 Hz. All measurements were per-
formed at amplitude A0 of the freely oscillating cantilever of 30 – 50 nm. Setpoint
amplitudes Asp were in the range of 0.85 – 0.95 A0 and 0.35 – 0.45 A0, correspond-
ing to light-tapping and hard-tapping conditions, respectively. The in-plane av-
erage center-to-center distance L was determined from the position the maximum
of the power spectral density (PSD) of the height and phase images. The PSD
was calculated using the Nanoscope software (version 5.12r3). The uncertainty
in the late dimensions was estimated as a half-width of the peak in PSD.
Fourier Transform Infrared Spectroscopy (FT-IR) spectra were recorded on a
Nicolet 710 FT-IR spectrometer. A few milligrams of dried samples was mixed
with potassium bromide (KBr) and then used for the examination.
UV-Vis spectra were recorded on the complexes at room temperature on a
JASCO V-630 spectrophotometer at a scan rate of 1000 rpm. The slit width was
2 nm. Stock of 10 mg/ml solution of diacetylene derivatives in chloroform was
drop casted on the quartz to form a thin film. UV-irradiation was carried out
using a UV-lamp of 12 W (Netz-Handlampe UVA/C, Dr. Gro¨bel UV-Elektronik
GmbH) at 254 nm placed at a distance of 5 cm from the samples.
8.3 Results and discussion
In this work a wedge-shaped sulfonic acid molecule with DA groups in the alkyl
tails, namely 2-[3,5-bis(trideca-2,4-diyn-1-yloxy)benzamido]ethanesulfonic acid (D
DABT) was synthesized according to the procedure illustrated in Figure 8.2. 3,5-
bis(trideca-2,4-diyn-1-yloxy)benzoic acid was transformed into the corresponding
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Figure 8.2: Synthesis of P2VP/(DDABT)DN complexes. Conditions: (i) SOCl2,
CH2Cl2, 5 h, r.t.; (ii) taurine, DMF/THF, 0
◦C to r.t. 24 h; (iii) pyridine, chloro-
form, r.t. 3 h; (iv) poly(2-vinylpyridine), chloroform, r.t. 3 h.
acid chloroanhydride. Afterwards, taurine was dispersed in dried DMF which was
allowed to react in the presence of triethylamine with 3,5-bis(trideca-2,4-diyn-1-
yloxy)benzoyl chloride in dried THF. The reaction mixture was then poured into
water, acidified, and extracted with chloroform. The product was purified by
gradient columnar chromatography using ethyl acetate/ethanol, following freeze-
dried from benzene. It was shown that DDABT could be quantitatively trans-
formed into pyridinium salt. The complexes of P2VP with DDABT were prepared
by reacting them in chloroform solution and subsequent removal of the solvent.
8.3.1 Pyridinium salt of DDABT (DDABT-Py)
DDABT-Py can be considered as the monomer of complex P2VP/(DDABT)1.0.
At room temperature DDABT-Py is a wax-like solid. It is noteworthy that
DDABT-Py exhibits a non-birefringent texture at room temperature, indicating
an amorphous state. A thin film of DDABT was prepared on a quartz substrate by
drop-casting a chloroform solution, and was annealed in the saturated chloroform
vapor at room temperature for 24 h. The thin film was irradiated by UV-light of
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Figure 8.3: UV-vis spectra of DDABT-Py before and after UV polymerization.
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Figure 8.4: Optical micrographs of DDABT-Py after polymerization 1 h (a) and
3 h (b).
254 nm, at the same time, UV-vis spectrophotometry was applied for a real-time
monitoring of the polymerization process. With the increase of irradiation time
the color of the film changed from colorless to red, illustrating the formation of
a conjugated backbone where the electronic transition of pi-electrons of the back-
bone occurs in the wavelength region of the visible light. No absorption of visible
light was observed for DDABT-Py before UV irradiation. After UV irradiation
for 1 h, two characteristic absorption bands at λmax = 523 nm and 564 nm appear
(Figure 8.3). The relatively sharp absorption band at 564 nm is attributed to
the vibrational sideband due to the coupling of the valence electronic levels with
the vibrations of the backbone double and triple bonds. The presence of a sec-
ond band at 523 nm can be assigned to polydiacetylenes (PDAs) groups in a less
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ordered environment. [30] With further irradiation a blue shift of the absorption
band is observed, indicating an increase of the polymerization degree. Simulta-
neously the absorbance band intensity decreased. This can be explained by a
possible oxidation of the conjugated polymer chains taking place during the irra-
diation process. When increasing the irradiation time to 7 h, the sample becomes
insoluble in any organic solvent due to a cross-linking reaction. Interestingly, the
polymerized DDABT-Py shows a completely different phase behavior as com-
pared with the non-irradiated sample. The sample after UV-irradiation for 1 h
exhibits a birefringent texture as seen by POM (Figure 8.4(a)), which is typical of
a liquid crystalline phase. With further irradiation, a needle-like texture (Figure
8.4(b)) characteristic for a crystalline structure can be observed.
We used SFM to study the self-assembly of DDABT-Py in the thin films be-
fore and after UV-irradiation in more detail. Highly ordered pyrolytic graphite
(HOPG) was used as the substrate. The samples were prepared by spin-casting
the chloroform solution of non-polymerized and polymerized DDABT-Py onto
the substrate followed by annealing in saturated chloroform vapor at room tem-
perature for 24 h. Before UV irradiation, the SFM image of DDABT-Py shows
the stripes aligned according to the six-fold geometry of the graphite substrate
due to the epitaxial growth mechanism (Figure 8.5(a)). After UV-radiation for
1 h the sample displays a completely different morphology. It forms randomly
oriented rods without pronounced epitaxial growth on HOPG, demonstrating an
oligomeric nature of the sample (Figure 8.5(b)). Furthermore, a fringe-like struc-
ture appears with a height of 2.6 nm and a helical pitch of 10 nm. It is known
that DA polymerization could result in a helical structure. Further UV-irradiation
leads again to the formation of rods with a diameter of 3.6 nm (it is close to the
length of two DDABT-Py molecules) that pack into crystalline domains (Figure
8.5(c) and 8.5(c)).
By comparing the POM and SFM data it seems that DDABT-Py undergoes
a polymerization-induced phase transition from an isotropic state to a liquid
crystalline structure and further to a crystalline morphology. It is contradictory to
the well-known requirements for the DA topochemical polymerization. It should
be noted that the polymerization takes place only after the chloroform vapor
annealing, which gives rise to a locally ordered structure.
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Figure 8.5: SFM height images of DDABT-Py before (a) and after polymerization
1 h (b), 3 h (c) and 5 h (d), respectively. Scan size is 500×500 nm 2.
8.3.2 Supramolecular complexes P2VP/(DDABT)DN
Supramolecular complexes of P2VP and DDABT, designated as P2VP/(DDAB
T)DN where DN stands for the degree of neutralization, were prepared by mixing
them in chloroform and subsequently evaporating the solvent. The structure of
the complexes in the thin films was studied by a combination of GISAXS and
135
8 Template-to-Template Synthesis in Supramolecular Complexes
SFM. In order to visualize the supramolecular structure, light tapping conditions
were applied in the SFM measurements, where the probe exerts a minimum force
to the surface. Silicon wafer was used as the substrate. In general, no well-defined
structures were observed by SFM in the freshly spin-casted films. To improve the
morphology the thin film samples were annealed in saturated chloroform vapor
at room temperature for 24 h as described for the Pyridium salts.
(d)(c)
(a) (b)
Figure 8.6: SFM phase images of the complex P2VP/(DDABT)1.0 before (a) and
after UV polymerization 1 h (b) as well as the corresponding GISAXS pattern (c
and d). Scan size is 500×500 nm2.
The GISAXS pattern of the fully neutralized complex, P2VP/(DDABT)1.0,
shows the half of a six spot pattern typical for a columnar phase with a hexago-
nal symmetry, where the columns are lying in the plane of the substrate (Figure
8.6(c)). The fact, that the two of equatorial reflections at 60 ◦ with respect to
the equator are considerably weaker than the meridional reflection indicates a
rotational symmetry of the columns around the normal substrate. The cylin-
drical structure can also be nicely visualized by means of SFM (Figure 8.6(a)).
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From the GISAXS the formation of a columnar structure, most probably a disor-
dered hexagonal columnar phase (Colhd) phase can be concluded. The scattering
peaks are indexed as 100 and 010 of a Colhd lattice with the lattice parameter of
a= b= 43.46 A˚, with γ= 120 ◦. Note that it is in good agreement with the cross
section analysis result of the SFM data (Figure 8.6(a)).
(a)
(d)(c)
(b)
Figure 8.7: SFM phase images of the complex P2VP/(DDABT)0.50 before (a)
and after UV polymerization 1 h (b) as well as the corresponding GISAXS pattern
(c and d). Scan size is 500×500 nm2.
With the decrease of DN the d-spacing of the characteristic reflection in the
GISAXS pattern remains almost unchanged, however its intensity decreases sig-
nificantly and the characteristic six-spot pattern azimuthally smears out towards
an arc at a DN = 0.25 (Figure 8.7(c) and 8.8(c)) showing a loss of the orientation
of the columnar packing. Taking SFM data into account (Figure 8.6(a) – 8.8(a)),
the complexes with lower DN values also form a (Colhd) morphology, however,
the order parameter decreases with the decrease of DN. The d-spacing and cor-
responding lattice parameters of all complexes are summarized in Table 8.1.
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(a)
(d)(c)
(b)
Figure 8.8: SFM phase images of the complex P2VP/(DDABT)0.25 before (a)
and after UV polymerization 1 h (b) as well as the corresponding GISAXS pattern
(c and d). Scan size is 500×500 nm2.
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Figure 8.9: SAXS curves of the complexes with different DN before and after UV
polymerization 1 h.
We attempted to polymerize the DA-containing complexes in the columnar
phase by means of UV-irradiation aiming at an intra-columnar cross-linking of
the ligands. Similar to the DDABT-Py, the thin films of the complexes were
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Table 8.1: d-Spacing and the corresponding lattice parameter of non-polymerized
complexes.
Samples mesophase d100, A˚ a, A˚
P2VP/(DDABT)1.0 Colhd 37.60 43.50
P2VP/(DDABT)0.75 Colhd 37.70 43.50
P2VP/(DDABT)0.50 Colhd 38.20 44.10
P2VP/(DDABT)0.25 Colhd 40.70 47.00
drop-cast from the chloroform solution, and were annealed in the saturated chlo-
roform vapor at room temperature for 24 h, followed by UV irradiation using a
wavelength of 254 nm. For all the complexes the UV-irradiation induces a color
change from colorless to red. It is noteworthy that the UV-polymerization of the
DA groups takes place only after chloroform vapor annealing, due to an improve-
ment of the structure. UV-vis spectrophotometry was employed for a real-time
monitoring of the polymerization process. The corresponding spectra are shown
in Figure 8.10.
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Figure 8.10: UV-vis spectra of the supramolecular complexes films before and
after UVpolymerization 1 h.
In contrast to the pyridinium salt, the polymerized complexes exhibit only
one clear absorption peak at 563 nm, which can be attributed to vibrational side
bands induced by the coupling of the valence electronic levels with the vibrations
of the backbone double and triple bonds. With decrease of DN lower absorbance
intensity and a red shift of the UV spectra are observed, indicating a decrease
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of the polymerization degree. It is obviously due to the deterioration of the
meso-structure. With further UV-irradiation up to 1.5 h, the complexes become
insoluble in any organic solvents explained by a high degree of conversion of the
inter-columnar cross-linking. Since the ligand contains two DA-tails, they could
be linked together even at low polymerization degrees. The structure of the
UV-polymerized complexes was investigated by SFM and GISAXS as well. After
UV-irradiation for 1 h the samples were dissolved in chloroform and spin-casted on
a silicon wafer substrate. Prior to the GISAXS and SFM measurements, the films
were annealed in chloroform vapor at room temperature for 24 h as done for the
non-irradiated samples. According to the SFM data the polymerized complexes
exhibit somewhat different morphologies compared to the non-polymerized ones
(Figure 8.6(b) – 8.8(b)).
Table 8.2: d-Spacing and the corresponding lattice parameter of polymerized
complexes.
Samples mesophase d100, A˚ d010, A˚ a, A˚ b, A˚
P2VP/(DDABT)1.0 Colhd 40.20 11.40 46.70 51.30
P2VP/(DDABT)0.75 Colhd 40.68 42.00 46.90 48.50
P2VP/(DDABT)0.50 Colhd 37.94 - 43.90 -
P2VP/(DDABT)0.25 Colhd 38.17 - 44.10 -
In particular, after UV-polymerization a significant curvature of the columns
in the fully neutralized complex P2VP/(DDABT)1.0 can be observed. The aver-
age diameter of columns was measured to be 4.56 nm (insert FFT image in Figure
8.6(b)), which is slightly larger than the spacing for the non-polymerized com-
pound. From the integrated one dimensional GISAXS data a significant broad-
ening of the interference peaks can be seen indicating the deterioration of the
meso-structure fort the high degrees of neutralization DN = 0.75 and DN = 1.0,
dashed-dotted and solid line in Figure 8.9, respectively, while for the lower DN the
position and shape of the main reflections are comparable with the peak visible
for the non-polymerized compound.
As can be seen from 2D GISAXS pattern (Figure 8.6(d)), the ark like smeared
3 spot pattern appears to be deformed to an ellipsoid indicating, that the char-
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acteristic d-spacing of a hexagonal arrangement is lost. The d-spacing at the
meridional (010 reflection) are now bigger than that of the 100 reflections located
at 60 ◦ from the meridian indicating a deformation of the hexagonal ordering
towards a monoclinic lattice.
In contrast to the case of P2VP/(DDABT)1.0 (Figure 8.6(d)) the UV poly-
merized P2VP/(DDABT)0.50 (Figure 8.7(d)) forms a more pronounced six-spot
pattern with strongly pronounced 100 reflection. The improvement of structure
is probably due to the cross-linking of the ligands stabilizing the columnar phase
even at low degrees of neutralization. This trend is continued fort the lowest DN
used in this study. Even at DN = 0.25, where no clear six-spot pattern could be
observed for the non UV irradiated compound (Figure 8.8(c)), the UV polymer-
ized P2VP/(DDABT)0.25 reveals a clear six-spot pattern (Figure 8.8(d)). How-
ever, here an additional ripple like pattern overlays the main structural reflection.
The periodicity of the ripple structure is found to be 40.2 nm. The overlay of the
normal scattering pattern with this periodic ripple structure together with the low
DN allows to assumed that a columnar lamellar phase was generated due to the
excess of P2VP chains in the system. The detailed d-spacings and corresponding
lattice parameters are also summarized in Table 8.2.
8.3.3 Template-to-template synthesis
Since the fully neutralized complex P2VP/(DDABT)1.0 exhibited the most or-
dered columnar structure, it was used in this work to accomplish the template-to-
template synthesis. In order to remove the P2VP chains from the UV-polymerized
complex, the thin film of the polymerized complex P2VP/(DDABT)1.0 was im-
mersed into an aqueous HCl solution with pH = 1 for 30 seconds and afterwards
was washed with distilled water for three times.
According to FTIR spectra (Figure 8.11), two characteristic absorption peaks
of P2VP at 1568 cm−1 and 746 cm−1 disappear after HCl treatment, suggesting
the successful removal of P2VP chains from the complex. The complex after
removal of P2VP chains was investigated by means of SFM. The as-prepared film
on the silicon substrate shows a layered structure with a layer thickness of 3.8 nm
(height image in Figure 8.12).
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After exposing the thin film to the saturated chloroform vapor at room tem-
perature for 24 h, well-defined helical columns with a diameter of 11 nm and a
helical pitch of 8± 0.3 nm are observed (phase image in Figure 8.12), meanwhile,
both left- and right-handed helices are present. It seems that the complex columns
are twisted into a helix after removal of P2VP chains to release the strain created
by the topochemical polymerization, which is implied by the strong curvature
of the columns (Figure 8.6(b)). The length of the columns is calculated to be
335± 45 nm, that is quite close to the contour length of the templating P2VP
chains with Mn = 1.5×105.
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Figure 8.11: FTIR spectra of the polymerized complex and the compound after
washing polybases.
According to the above observation, a molecular spring model is speculated.
Firstly, the complexes self-assemble into columnar structure in bulk. After intra-
columnar polymerization, the corvature of the columns becomes much larger than
that of non-polymerized ones, at the same time, the length of the columns also
increases accordingly. When removal of the inner polybase, the columns get free
from the non-covalent bond between the ligand and polymer, then the optimal
structure – helices appear. The proposed model is presented in Figure 8.13.
Further, 2-vinylpyridine molecules were introduced into the hollow columns by
mixing in the chloroform solution. After stirring for 2 h, the solvent and the excess
monomer were evaporated. Due to the high local concentration of strong acid
groups inside the columns, spontaneous polymerization of vinylpyridine molecules
can be expected. Unfortunately because of the small amount of the sample, we
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(a)
(b)
Figure 8.12: SFM images of the complex after washing polybase as prepared
film(a) and after cholorform annealing (b), resprectively. Scan size is 1×1µm2.
were not able to verify the polymerization of 2-vinylpyridine. The thin film of
the resulting material on the silicon wafer substrate was prepared by spin-coating
a chloroform solution and was annealed in the chloroform vapor for 24 h. SFM
images are presented in Figure 8.14. This sample showed a completely different
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Self-assembly
UV polymerization
Figure 8.13: The proposed model of molecular spring based on the wedge-shaped
supramolecular complexes.
morphology as compared with the hollow complex. More investigation, e.g. X-ray
scattering is being performed for a better understanding of the structure.
Figure 8.14: SFM height (left) and phase (right) images of the template poly-
merized complex. Scan size is 5×5µm2
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8.4 Conclusion
In this work we have successfully synthesized a new wedge-shaped sulfonic acid
molecule with two diacetylene-containing alkyl tails, namely 2-[3,5-bis(trideca-
2,4-diyn-1-yloxy)benzamido]ethanesulfonic acid, its pyridnium salt and its com-
plexes with P2VP. In the pyridinium salt we demonstrated for the first time the
DA topochemical polymerization in an isotropic state that induced the formation
of ordered structures. As showed by X-ray scattering and scanning force mi-
croscopy measurements, the supramolecular complexes of different degree of neu-
tralization exhibited a hexagonal columnar structure, and the UV-polymerization
in the mesophase led to the alteration of their morphology. The template-to-
template polymerization was carried out in the fully neutralized complex. After
removal the templating polymer chains by acid treatment the columns were found
to be twisted to form helices. Further, an attempt was then made to polymer-
ize 2-vinylpyridine molecules in the hollow complex columns containing strong
sulfonic acid groups in their interior.
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9Light Switchable Vesicles from
Liquid Cystalline Homopolymer-
Surfactant Complexes
In this chapter, we report on a novel concept of vesicle fabrication based on non-
stoichiometric complexation of a polybase with an amphiphilic ligand bearing
a sulfonic acid group. Unilamellar micro-sized vesicles and multilamellar nano-
sized vesicles are formed by poly(2-vinylpyridine) 0.25 pyridine groups of which
were neutralized by 4’-[3,5-di(trideca-2,4-diynyloxyl)]-azobenzene-4-sulfonic acid,
as shown by cryo-FESEM, cryo-TEM and SAXS measurements. The structure
of the complex in the vesicles is found to be very close to that in the bulk, where
polymer backbones are sandwiched between the ligand bilayers to form a smectic
phase. Further we show that the vesicles can collapse under UV-irradiation due to
the trans-to-cis transition of the azo-groups of the ligand. The light-switchability
can make this system promising for the controlled delivery applications.
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9.1 Introduction
Vesicles are supramolecular assemblies of natural or synthetic amphiphilic molecules
that enclose a volume with the help of a thin membrane. In the living cells, low-
molecular weight phospholipids form vesicles (often termed liposomes) that play a
central role in compartmentalization functions, nutrient transportation and DNA
protection. [1] Vesicles attract increasingly growing interest due to various appli-
cations ranging from cosmetics to drug delivery. [2,3] Polymer vesicles, or poly-
mersomes, formed by high-molecular weight compounds, are significantly more
stable to lysis by classical surfactants than the ones formed from low-molecular
weight amphiphiles, while preserving low immunogenicity. [4–6] Polymersomes are
generally fabricated from amphiphilic linear block copolymers, [7] hyperbranched
polymers [8] and dendrimers, [9,10] or by polymerization of preformed low-molecular
weight amphiphile vesicles. [11–13]
Complexation of polymer chains by low-molecular weight amphiphiles via non-
covalent interactions such as ionic interaction, coordination interaction, or hydro-
gen bonding, is a common tool in the design of nanostructured macromolecular
materials because of facile synthesis routes and structural diversity of the result-
ing materials. [14–21] Due to the incompatibility between the polymer and the non-
polar part of the ligand molecules these complexes form microphase-separated
morphologies. Most frequently, lamellar phases are obtained, where layers of
ligands and layers of polymer backbones alternate. In principle, such materi-
als should be prone to form vesicles such as for example lipid-DNA complexes,
which self-assemble in a multilamellar structure (LαC) consisting of alternating
DNA and lipid layers. [22] However, in the case of synthetic polymers the vesicle
formation was reported only for the complexes of block ionomers with oppo-
sitely charged surfactants so far. [23] The stoichiometric homopolymer complexes
are generally not soluble in water, whereas the nonstoichiometric complexes were
reported to form “mixed micelles” consisting of clusters of hydrophobic surfac-
tant chains surrounded by the polar polyelectrolyte backbone. [24] There is, yet, a
unique and versatile approach for synthesis of the supramolecular complexes by
neutralization of a polybase with amphiphilic acid molecules. The most important
feature of this synthetic route is the facile control of the degree of neutralization
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(DN), i.e. the degree of substitution. [25] The main question to be addressed here
is whether this type of systems is prone to spontaneous curvature of the smectic
layers to eventually form vesicles. The possibility of the vesicle formation from
polybase-amphiphilic acid molecules can pave the way to facile fabrication of a
new type of polymersomes.
In this work we prepared complexes of poly(2-vinylpyridine) (P2VP) with a
newly synthesized amphiphilic sulfonic acid, 4’-[3,5-di(trideca-2,4-diynyloxyl)]azo
benzene-4-sulfonic acid (Figure 9.1), and studied their self-assembly in the bulk
and in water suspensions. The presence of azo-fragment renders the system photo-
switchable, [26,27] whereas the diacetylene groups can be used to further stabilize
the self-assembled structure by UV-polymerization.
9.2 Experimental
9.2.1 Materials
Thionyl chloride (purum, ≥ 99.0%, Fluka), sodium 4-hydroxyazobenzene-4’-sul-
fonate hydrate (TCI Europe), amberlyst 15 ion-exchange resin (Aldrich), sodium
sulfate (ACS reagent, ≥ 99.0%, anhydrous, powder, Sigma-Aldrich), sodium hy-
droxide (EMSURE ISO zur Analyse, Merck), hydrochloric acid (ACS reagent,
37%, Sigma-Aldrich), acetone (AnalaR NORMAPUR ACS, zur Analyse, VWR),
dichloromethane (AnalaR NORMAPUR ACS, zur Analyse, VWR), ethyl acetate
(AnalaR NORMAPUR ACS, zur Analyse, VWR), diisopropyl ether (AnalaR
NORMAPUR ACS, zur Analyse, VWR), diethyl ether (AnalaR NORMAPUR
ACS, zur Analyse, VWR), tetrahydrofuran (THF) (anhydrous, ≥ 99.9%, Sigma-
Aldrich), dimethylformamide (DMF) (anhydrous, 99.8%, Sigma-Aldrich) were
used as received. Poly(2-vinylpyridine) (P2VP) (Mn = 1.5×105) was purchased
from Polymer Source Inc. It was dried in vacuum at 60 ◦C for 36 h prior to use.
9.2.2 Techniques
1H NMR and 13C NMR spectra were recorded with a Bruker AV 400 spectrome-
ter instrument at 400 MHz and 100 MHz, respectively, using tetramethylsilane as
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internal standard. Either CDCl3 or DMSO-d6 was used as the solvent. The con-
centration of the solution was 15 – 30 mg/mL. Optical microscopy: For the optical
analysis a Carl Zeiss Axioplan 2 imaging microscope was used. The micrographs
were recorded with a Carl Zeiss AxioCam MRc digital camera.
Cryogenic field-emission scanning electron microscopy (cryo-FESEM): The
cryo-FESEM images were taken with a Hitachi S-4800 electron microscope equipped
with a liquid-nitrogen-cooled sample preparation and transfer unit. A drop of
aqueous dispersion was transferred into a copper tube in such a way that an ex-
cess of the dispersion formed a drop on top of the tube. The sample was frozen
in liquid nitrogen and transferred into the cooled sample chamber (T = -140 ◦C,
P = 10−6 Pa). There, the drop on top of the tip was broken away with a razor
blade. The temperature in the chamber was raised to 90 ◦C to create a clean
surface. After 5 to 10 min, the temperature was reduced again and the sample
was transferred directly into the microscope.
Cryogenic transmission electron microscopy (cryo-TEM): A drop of the aque-
ous dispersion was put on a lacey transmission electron microscopy (TEM) grid,
where most of the liquid was removed with blotting paper, leaving a thin film
stretched over the lace. The specimens were instantly vitrified by rapid immer-
sion in to liquid ethane and cooled to approximately -180 ◦C by liquid nitro-
gen in a temperature-controlled freezing unit (Zeiss cryobox, Zeiss NTS GmbH;
Oberkochen; Germany). The temperature was monitored and kept constant in
the chamber during all the sample preparation steps. After freezing the spec-
imens, the specimen was inserted into a cryo-transfer holder (CT3500, Gatan,
Mnchen, Germany) and transfered to a Zeiss EM992 EF-TEM. Examinations
were carried out at temperatures around -180 ◦C. The transmission electron mi-
croscope was operated at an acceleration voltage of 200 kV. Zero-loss filtered
images (∆ = 0 eV) were taken under reduced dose conditions. All images were
collected digitally by a bottom-mounted CCD camera system (Ultrascan 1000,
Gatan) combined and processed with a digital imaging processing system (Gatan
Digital Micrograph 3.9 for GMS 1.4).
Small-Angle X-ray Scattering (SAXS) measurements were carried out at the
BM26B beamline of the European Synchrotron Radiation Facility in Grenoble,
France, using X-ray photons with energy of 10 keV. The SAXS data were collected
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in transmission using a 2D Pilatus 1M detector with 10 segments. After correcting
the 2D diffractograms for absorption and background scattering, the intensity was
re-sampled in polar coordinates, integrated and plotted as a function of the norm
of the scattering vector s (s= 2(sinθ)/λ, where θ is the Bragg angle and λ is
the wavelength). The d-spacings were calibrated using five diffraction orders of
silver behenate. For the measurements of the vesicle suspensions the neat solvent
mixture was measured and subtracted after correction for transmission of the
X-ray beam. One-dimensional Interface Distribution Function (IDF) g1(d) was
computed as the cosine Fourier transform of G1(s):
g1(d) =
∫ ∞
0
G1(s) cos 2pisds (9.1)
where G1(s) is defined as a limit of the difference between the SAXS intensity
I(s) at large values of s and its asymptote described by the Porod law P ·s4:
G1(s) ∼=
[
lim
s→∞
s4I(s)− s4P
]
(9.2)
UV-Vis spectra were recorded on vesicle dispersion at room temperature on a
JASCO V-630 spectrophotometer at a scan rate of 100 nm/min. The slit width
was 2 nm. The concentration of the vesicles was 0.1 mg/L. UV-irradiation was
carried out using a UV-lamp of 12 W (Netz-Handlampe UVA/C, Dr. Gr ◦bel UV-
Elektronik GmbH) at 254 nm placed at a distance of 1 cm from the dispersion
sample.
Dynamic light scattering (DLS) measurements were carried out on a Zeta-
sizer Nano Series, Malvern Instruments at a scattering angle of 173 ◦. The mean
hydrodynamic diameter and its distribution were determined using CONTIN al-
gorithm.
9.2.3 Synthesis
3,5-Di(trideca-2,4-diynyloxyl)benzoyl chloride (1) and sodium 4’-[3,5-di(trideca-
2,4-diynyloxyl)]azobenzene-4-sulfonate (2): To a well stirred solution of 3,5-di(tri-
deca-2,4-diynyloxyl)benzoic acid (1.6 g, 3.1 mmol) in dried CHCl2 (10 mL) thionyl
chloride(1.8 g, 1.1 mL) was added. After 5 h the solvent was removed in vacuo and
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the product (1) was dissolved in 15 mL dried THF. The resulting solution was
added dropwise into a well stirred solution of sodium 4-hydroxyazoben-zene-4’-
sulfonate hydrate (1.2 g, 4 mmol) and triethylamine (0.7 mL, 9 mmol) in dry DMF
(20 mL) at 0 ◦C. Upon complete addition stirring was continued for another 12 h at
room temperature. The reaction mixture was poured into water (200 mL), acidi-
fied to pH = 5, and then extracted several times with chloroform. The extract was
dried over anhydrous sodium sulphate, and the solvent was removed under re-
duced pressure. The product was purified by gradient columnar chromatography
using ethyl acetate/ethanol. Ethyl acetate was firstly used to wash away all the
organic impurities, and then the product was washed out using a mixture ethyl
acetate/ethanol (1/5). The purified product was dissolved in dried benzene to
prepare a 10 wt.-% solution, and the resulting solution was filtered through a fil-
ter with a pore size of 5µm. An orange powder was obtained after freeze-drying.
Yield: 1.54 g (63%), purity ≥ 98% according to 1H NMR spectroscopy. Elemen-
tal analysis for C45H49N2NaO7S (784.32 g mol
−1): C, 63.24 wt.-%; H, 5.52 wt.-%;
N, 3.21 wt.-%. Calcd: C, 68.86 wt.-%; H, 6.29 wt.-%; N, 3.57 wt.-%. 1H NMR
(400 MHz, DMSO-d6, TMS): δ= 0.82 (t, 6H; CH3), 1.21(m, 30H, CH3CH2), 1.44
(m, 4H, CH2), 2.12 (t, 4H, CH2C≡C), 4.72 (s, 4H, C≡C-CH2-O), 7.42 (s, 2H;
ArH ortho to CO group), 7.50 (d, 2H, ArH ortho to OCOPh group), 7.85 (s,
4H; ArH ortho and meta to SO3Na group), 8.00 (d, 2H, ArH meta to OCOPh
group). 13C NMR: 14.11 (CH3), 19.24 (CH2C≡), 22.6 (CH3CH2), 28.31, 28.82,
29.17, 29.26, 31.94 (CH2), 57.81 (CH2O), 61.10 (CH2O), 61.29 (COOCH2CH3),
64.40 (CH2C≡C-C≡C), 69.91 (CH2C≡C-C≡C), 71.90 (CH2C≡C-C≡C), 83.42
(CH2C≡C-C≡C), 109.39 (ArC ortho to CO group), 122.26 (ArC ortho to OCOPh
group), 123.09 (ArC meta to OCOPh group), 124.09 (ArC meta to SO3Py group),
126.21 (ArC ipso to CO group), 127.12 (ArC ortho to SO3Py group), 153.04 (ArC
in 3’, 5’ position relative to CO group).
4’-[3,5-Di(trideca-2,4-diynyloxyl)]azobenzene-4-sulfonic acid (DDABS) (3) and
P2VP/4’-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-4-sulfonic acid complexes (4):
A solution of sodium 4’-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-4-sulfonate (2,
100 mg, 0.104 mmol) in 10 mL of diisopropyl ether was shaken overnight with am-
berlyst 15 ion-exchange resin (1 g). The resulting solution was filtered through a
glass filter (pore size 4), and the ion-exchange resin was washed with diisopropyl
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ether until a colorless filtrate was obtained. The combined filtrates were added to
a well-stirred solution of P2VP (11.0 mg, 0.104 mmol of pyridine units) in chlo-
roform (concentration of P2VP was 1.0 mg/ml) to prepare the complex with full
neutralized pyridine units. The resulting solution was stirred for additional 2 h.
Subsequently the solvent was removed under reduced pressure on a rotary evap-
orator. The product was dried in vacuum at 40 ◦C for 6 h. The yields of the
complexes were 96 – 98%.
Preparation of aqueous dispersion of complexes: The complex (1 mg) was
dissolved in THF (100µL). The resulting solution was added dropwise to 1 mL
water under intensive stirring. Afterwards, stirring was continued for another
10 min.
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Figure 9.1: Synthesis of P2VP/(DDABS)DN complexes. Conditions: (i) SOCl2,
CH2Cl2, 5 h, r.t.; sodium 4’-hydroxyazobenzenesulfonate, DMF/THF, 0
◦C to
r.t. 24 h; (ii) ion exchange resin, diisopropyl ether, r.t. overnight; (iii) poly(2-
vinylpyridine), chloroform, r.t. 3 h.
The details of the synthesis of 4-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-4-
sulfonic acid (DDABS) are provided in Figure 9.1. The polymer complexes were
prepared according to the literature procedure, i.e. by mixing the diisopropylether
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solution of the acid with corresponding amounts of P2VP dissolved in chloroform
and by subsequently evaporating the solvent.
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Figure 9.2: 1D X-ray Lorentz corrected diffraction curves of complexes of P2VP
and 4-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-4-sulfonic acid molecules at differ-
ent degree of neutralization DN.
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Figure 9.3: (left) Optical micrograph and (right) hydrodynamic diameter
distribution of vesicles formed by complex of P2VP and 4’-[3,5-di(trideca-2,4-
diynyloxyl)]azobenzene-4-sulfonic acid molecules of DN = 0.25.
According to SAXS data, the supramolecular complexes corresponding to dif-
ferent values of DN, namely 0.25, 0.50 and 1.0, exhibit lamellar structures. This
is concluded from the set of characteristic h00 reflections visible in the medium-
angle range (Figure 9.2). The layer thickness calculated using several orders of
the 100 reflection equals 6.02 nm, and is largely independent from the DN for
the values above 0.25. Importantly, for DN of 0.25 the 100 reflection is some-
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what shifted toward low angles (d= 7.78 nm) and noticeably broadened. This
fact can be attributed to increased concentration of structural defects in this sys-
tem containing an excess of P2VP chains. Indeed, the structure of this complex
marks a transition from the pure amorphous P2VP to the liquid crystalline (LC)
polymer complex, and is at the verge of the LC phase formation. The length of
the sulfonic acid molecule estimated from space-filling models is ca. 3.6 nm (the
fully stretched alkyl chain conformation is assumed), so the smectic layer can be
viewed as a bilayer of the ligand with partially interdigitating alkyl tails and the
head groups linked to the P2VP backbones.
2 um 200 nm
Figure 9.4: Cryo-FESEM micrographs of microsized vesicles (left) and a vesicle
membrane (right) formed by the complex with DN = 0.25.
Different ways of the vesicle preparation have been tried. For example, we were
not able to directly disperse the complexes into water via the thin-film hydration.
However, upon injection of THF solutions of the complexes with DN = 0.25 and
0.50 into a large amount of water stable turbid dispersions were obtained. The
complex with DN = 1.0 seems to be too hydrophobic to be dispersed in water in
this way. It is noteworthy that this method was previously reported for dispersing
diblock co-polypeptide amphiphiles into water to form highly reproducible and
regular self-assemblies. [28] For the complex with DN = 0.25 the DLS measurements
showed a bimodal distribution of dispersed particles with two median diameters of
2.1µm and 42 nm (Figure 9.3, right). Using optical microscopy the formation of
spherical particles with an average diameter of 4.5± 1.4µm was observed (Figure
9.3, left). At the same time, cryo-FESEM micrographs confirmed the formation of
micro-sized vesicles with a thin membrane (Figure 9.4). The membrane thickness
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was estimated to be less than 20 nm, so it possibly comprises one or just a few
smectic layers.
The nano-sized particles with an average size mostly below 500 nm were vi-
sualized by means of cryo-TEM. Figure 9.5 shows the internal structure of these
particles which consist of concentric alternating layers; therefore, they can be
assigned to onion-like multilamellar vesicles. The characteristic spacing of 6.7 nm
was derived from the one-dimensional power spectral density (PSD) function
computed from the micrographs (Figure 9.5 right).
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Figure 9.5: A typical cryo-TEM micrograph of the multilayer spherical vesicles
formed by the complex with DN = 0.25 (left) together with the corresponding 1D
power spectral density (PSD) function (right). The r stands for the reciprocal
distance in nm−1.
The vesicle structure was also addressed by SAXS, which revealed a strong
interference maximum at 6.55 nm (Figure 9.6 left). This value is in good agree-
ment with the d-spacing in the cryo-TEM micrographs. In addition, it is rather
close to the smectic spacing of the complex in the bulk. This testifies that the
structures in the bulk and in water dispersions are similar. The only minor dif-
ference between the SAXS patterns of the complex in water dispersions and in
the bulk is in the fact that the vesicles exhibit a faint second order of the main
interference maximum whereas this peak does not show up for the bulk sample.
This difference can be accounted for by slight variations in the relative thickness
of the constitutive sublayers of the smectic layer due to a limited swelling of the
P2VP-rich phase in water.
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Figure 9.6: SAXS curve measured on water suspension of vesicles formed by
the complex with DN = 0.25 (left) and the corresponding Interface Distribution
Function (g1(d)) (right). The distances L1 and L2 indicated on the right panel
stand for the thickness of the two constitutive sublayers of the smectic layer with
a total thickness of LB.
2 um 200 nm
Figure 9.7: Cryo-FESEM micrographs of particles formed by complex of
P2VP and 4-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-4-sulfonic acid molecules of
DN = 0.50 (concentration in water is 1 mg/mL).
A more detailed analysis of the vesicle micro-structure was performed using
the 1D Interface Distribution Function (IDF) (Figure 9.6, left). This approach [29]
is widely used for example to monitor the micro-structural parameters of lamellar
semicrystalline polymers in the course of various thermal treatments. [30] The IDF
of the vesicles (Figure 9.6, right) exhibits the shape typical of a two-phase lamel-
lar system. The first minimum at 6.45 nm corresponds to the nearest-neighbor
distance of the layered stack, being virtually identical to the value obtained from
cryo-TEM. The maximum at 4.63 nm can be attributed to the most probable
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thickness of the sublayer containing the P2VP backbones and complexed sulfonic
acid groups, while the maximum at 1.81 nm corresponds to the adjacent alkyl-
chains layer. Further peaks of the IDF correspond to higher-order interfaces such
as combinations of distances L1, L2 and LB. The sharpness of the first two positive
peaks indicates that the sublayers have a relatively narrow thickness distribution.
As mentioned above, the IDF does not reveal any signs of a third phase. [31] This
can be explained by the fact that the interface between the P2VP backbones
and aromatic parts of the ligand has only a small electron density contrast and
therefore these regions appear as one whole sublayer.
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Figure 9.8: Proposed packing model of the vesicles with DN = 0.25.
Based on the SAXS data, a packing model for the complex of DN = 0.25
in the vesicles has been proposed (Figure 9.8). The amphiphilic sulfonic acid
molecules form bilayers and the P2VP backbones are sandwiched between them,
as it is the case of lipid-DNA complexes. The shell of the micro-sized vesicles
most probably consists of only one or a few such bilayers. It is worth noting that,
according to cryo-FESEM measurements, the ligand molecules alone do not form
particles in water. The complex corresponding to DN of 0.50 can be dispersed
in water and particles of about 200 nm in size were formed as shown by DLS
and cryo-FESEM, however, no formation of vesicles was evidenced (Figure 9.7).
Therefore, it seems that the vesicles can only be formed at low DN-values such
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Figure 9.9: Top: UV-Vis spectra of the complex with DN = 0.25 in water show-
ing a decrease of the absorption bands at 340 and 450 nm upon UV-irradiation.
Concentration of the complex is of 0.1 mg/ml. Bottom: Cryo-TEM micrographs of
multilayer vesicles before (left) and after (right) UV-irradiation for 45 min.
as 0.25. This fact can be explained as follows. On the one hand, the excess
of P2VP forming the vesicle walls favors formation of the chain entanglements
and thereby improves the mechanical properties of the vesicles. Importantly, the
polymer chains here are mainly parallel to the vesicle wall, which makes these
systems more stable than conventional polymersomes where the backbones are
perpendicular to the layers. Indeed, one can see in Figure 9.5 that the system
tolerates very high curvature of the walls: the radius of the layer can be as small
as 50 nm. On the other hand, at low DN values the sulfonic acid molecules have
a high degree of freedom, they can easily slide along the P2VP chains in order
to adapt to the local curvature and environment. This mechanism of adjustment
would become impeded at higher DNs. The minimum value of DN at which
the vesicles are still formed likely reflects the transition point from an amorphous
P2VP-rich system to a LC polymer complex. It is also important to mention that
although P2VP is hydrophilic, it is insoluble in water at neutral pH. Therefore,
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no complex dissociation is expected under these conditions. Finally due to a
large amount of free binding sites, this system offers a possibility to incorporate
different functional molecules into the vesicles structure.
Figure 9.10: GISAXS patterns of thin films drop-cast from the vesicles suspen-
sion formed by complex of P2VP and 4-[3,5-di(trideca-2,4-diynyloxyl)]azobenzene-
4-sulfonic acid at DN = 0.25. The patterns correspond to the sample before (left)
and after (right) UV-irradiation for 90 min.
Since the vesicles contain photosensitive azo-groups, it was interesting to fol-
low the impact of the trans-to-cis photo-isomerization on the vesicles structure.
To this end, the vesicle dispersion was irradiated by UV light of 254 nm, and
UV-vis absorbance spectra were simultaneously recorded (Figure 9.9). It can be
seen that the spectra of the vesicles change upon the UV-exposure. The inten-
sity of absorption bands at 350 nm and 450 nm corresponding to pi-pi* and n-pi*
transitions of the azo-group, respectively, gradually decreased with the exposure
time, indicating a trans-to-cis transition. After 90 min of irradiation, the complex
was precipitated, and the solution became transparent.
The impact of UV-light on the vesicle morphology was also examined using
cryo-TEM (Figure 9.9 bottom). Upon UV irradiation, one can observe the ap-
pearance of deformed vesicles with locally disrupted regions. Importantly, the
smectic layering in these regions has completely disappeared. We used GISAXS
to investigate the structure of thin films prepared by drop-casting from the vesicle
suspensions before and after UV-irradiation (Figure 9.10). It can be seen that
the smectic order in the complexes vanishes after 90 min of UV-exposure. Mean-
while, the disappearance of the vesicle particles is evidenced according to DLS
measurements. The cis-isomer has a bent shape with a low anisometry, which can
perturb the LC order in the vesicles. [32] Therefore, it can be concluded that the
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collapse of the vesicles results from the UV-induced isotropization of the smectic
phase. During this process the vesicles lose their fine microphase-separated lay-
ered structure and transform to isotropic droplets that are no more stabilized by
the outer hydrophilic shell of P2VP. It is noteworthy that, during UV-irradiation
no absorption bands in the range of 500 – 600 nm were detected, indicating that
polymerization of diacetylene-groups has not occurred.
9.4 Conclusion
We demonstrate for the first time that a LC complex of a polybase and am-
phiphilic sulfonic acid molecules with DN = 0.25 forms unilamellar micro-sized
vesicles as well as onion-like multilamellar nano-sized vesicles. The structure of
the complex in the vesicles was found to be similar to that in the bulk, where
polymer backbones are sandwiched between the bilayers formed by the ligand
molecules. In contrast to conventional polymer vesicles, the polymer chains in
this system are mainly parallel to the vesicle surface. This evidently contributes
to their improved mechanical stability. The large amount of remaining free bind-
ing sites in this system makes it possible to additionally incorporate different
functional molecules into the vesicles. Furthermore, a collapse of the vesicles can
be induced by UV-irradiation due to the trans-to-cis transition of the azo-groups,
which leads to the isotropization of the layered structure. This feature could
make this system promising for the controlled delivery applications.
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10
Polymerization of Supramole-
cular Complexes of Acryloyl-
Containing Wedge-Shaped
Sulfonic Acid and polybases
In this chapter, in order to test the template polymerization in solutions a wedge-
shaped sulfonic acid molecule containing shelled acryloyl groups and its stoichio-
metric complexes with poly(4-vinylpyridine) of different molecular weights were
synthesized. As shown by scanning force microscopy the complex with the con-
tour length that is close to the Kuhn length forms short rods, and a coil-like
conformation is observed when the length of the complex exceeds significantly
the Kuhn length. The complexes photopolymerized in n-hexane are precipitated
from the solutions, and they can be dissolved in chloroform when the concen-
tration for the polymerization is low enough. It seems that the polymer coils in
the solution are fixed by the polymerization of the ligands. However, the size
of the polymerized complexes is much larger than the theoretically calculated
coil size of poly(4-vinylpyridine), indicating that not only intracomplex but also
intercomplex polymerization takes place.
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10.1 Introduction
In synthetic chemistry, template polymerization is usually defined as a process
in which the monomer units are organized by a preformed macromolecule and
refers to one-phase systems in which the monomer and template are soluble in
the same solvent or are present in a form of a swollen gel. [1] Since the first report of
Szwarc et al., [2] template polymerization has been attracted the growing interest
on an analogy between the synthesis of simple polymers onto simple matrices and
the synthesis of biopolymers onto matrices such as DNA or RNA or certain enzy-
matic reactions. In this reaction, pre-organization of monomer molecules with the
macromolecules via weak interactions, such as hydrogen bonds and electrostatic
forces can be regarded as the first key step.
Previously we developed a series of wedge-shaped surfactant molecules con-
taining a big hydrophobic rim and a hydrophilic sulfonic acid group at the focal
point, which can self-assemble into columnar structures. [3,4] We could show that
the complexes of poly(4-vinylpyridine) (P4VP) chains protonated with the wedge-
shaped sulfonic acid molecules exhibited a liquid crystalline lamellar phase at
lower degrees of neutralization (DN), and the formation of a hexagonal columnar
mesophase was observed at higher DN. [5] It can be expected that the formation of
the supramolecular cylinders in bulk is predominately induced by self-assembly of
the surfactant molecules. According to the small-angle X-ray scattering data, a
transition of polymer chain conformation from a 2-dimensional coil in the lamel-
lar structure to a disordered helix in the columnar phase was evidenced. In
Chapter 8 we demonstrated the topochemical polymerization of the complexes
of poly(2-vinylpyridine) (P2VP) with diacetylene-conaining wedge-shaped am-
phiphilic sulfonic acid molecules in the columnar mesophase, and by this way a
template-to-template synthesis was carried out. However, since the length of the
supramolecular columns in the columnar phase as well as the polymerized ones
in general does not equal the contour length of the templating polymer chains,
the exact copy of the molecular weight can unfortunately not be achieved.
In this chapter we attempt to carry out the polymerization of the complexes in
a dilute solution. In Chapter 2 we studied the conformation change of P2VP chain
upon neutralization with the wedge-shaped sulfonic acid molecules by means of
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static and dynamic light scattering. The stiffening of polymer backbone upon
complexation was clearly evidenced by the increase of radius of gyration and
hydrodynamic radius. The Kuhn length of the fully neutralized complex was
estimated to be 10 nm, i.e. ca. 40 monomer units. In this work we synthesized a
new wedge-shaped sulfonic acid molecule containing acrylic groups in the mid-
dle of the wedge, i.e. shelled acrylic groups: 2,3,4-tris(6’-acryloyltetradecyl-1’-
oxy)benzenesulfonic acid (TATDBSA), following a literature procedure. [6] Acrylic
groups are well known polymerizable groups that can easily be polymerized by
means of radical polymerization using thermal or photoinitiation. Controlled
polymerization can also be performed e.g. using atom transfer radical polymer-
ization (ATRP) technique. A question arises here is whether the polymerization
can be limited within one supramacromolecule. To test the feasibility two P4VP
samples were used, namely one with the length close to the Kuhn length of the
complex and another much longer one. Scanning force microscopy (SFM) was
applied to address the structure of the complexes before and after polymerization
in the solution.
10.2 Experimental
10.2.1 Materials
1,6-hexanediol (97%, Aldrich), hydrobromic acid (ACS regent, 48% Aldrich),
pyridium chlorochromate (98%, Aldrich), pyrogallol (≥ 98% GC, Aldrich), 2,6-
di-tert-butyl-4-methylphenol (≥ 99% GC, Aldrich), acryloyl chloride (≥ 96%,
purum, Aldrich), triethylamine (≥ 99%, Aldrich), 4-(dimethylamino)pyridine
(Reagent Plus, ≥ 99%, Aldrich), 2,2-dimethoxy-2-phenylacetophenone (99%, Ald-
rich), Amberlyst 15 (dry, moisture ≤ 1.5%, Aldrich), potassium carbonate (ACS
regent, ≥ 99%, Aldrich), sodium chloride (AnalaR NORMAPUR ACS, zur Anal-
yse, VWR), sodium hydrogen carbonate (AnalaR NORMAPUR ACS, zur Anal-
yse, VWR), sodium hydroxide (EMSURE ISO zur Analyse, Merck), iodine (ACS
reagent, ≥ 99.8%, solid, Aldrich), magnesium (ACS reagent, ≥ 99.0%, Aldrich),
toluene (AnalaR NORMAPUR ACS, zur Analyse, VWR), dichloromethane (Ana-
laR NORMAPUR ACS, zur Analyse, VWR), chloroform (AnalaR NORMAPUR
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ACS, zur Analyse, VWR), ethyl acetate (AnalaR NORMAPUR ACS, zur Anal-
yse, VWR), n-hexane(AnalaR NORMAPUR ACS, zur Analyse, VWR), diiso-
propyl ether (AnalaR NORMAPUR ACS, zur Analyse, VWR), diethyl ether
(AnalaR NORMAPUR ACS, zur Analyse, VWR), tetrahydrofuran (THF) (anhy-
drous, ≥ 99.9%, Sigma-Aldrich), dimethylformamide (DMF) (anhydrous, 99.8%,
Sigma-Aldrich) concentrated sulfuric acid (95 - 97%, AnalaR NORMAPUR ACS,
zur Analyse, VWR) are used as received. A series of poly(4-vinylpyridine) (P4VPx,
where x is the degree of polymerization calculated from size exclusion chro-
matography data, (SEC)) polymers with different molecular weights (P4VP49:
Mn = 5.1 kg/mol, Mw/Mn = 1.09; P4VP444: Mn = 46.7 kg/mol, Mw/Mn = 1.14)
were purchased from Polymer Source Inc. The molecular weights and the poly-
dispersity indices were provided by the Polymer Source Inc. Prior to use the
polymers were dried in vacuum at 60 ◦C for 36 h.
10.2.2 Synthesis
1-bromohexanol (1): A 500ml one-neck flask was charged with 47.2 g (0.4 mol) 1,6-
hexanediol, 52 mL (0.46mol) hydrobromic acid solution and 300 mL toluene. The
mixture was refluxed for 24 h. Afterwards, the reaction system was cooled down to
room temperature. The organic layer was separated and washed three times with
a solution of 5 wt% sodium hydrogen carbonate in water, and three times with a
saturated solution of sodium chloride. The solvent then was removed on a rotary
evaporator. Subsequently, the product 1-bromohexanol was purified by vacuum
distillation. Yield: 54 g, 75% of theoretical, purity ≥ 99.5% by 1H NMR. 1H NMR
(400 MHz, CDCl3): δ= 1.32 – 1.51 (m, 6H, OHCH2CH2CH2CH2CH2CH2Br),
1.81 (m, 2H, -CH2CH2Br), 3.35 (t, OHCH2-), 3.37 (t, -CH2Br).
13C NMR
(100 MHz, CDCl3): 24.93 (OH(CH2)2- CH2-), 27.92(-CH2CH2-CH2Br), 32.43
(OHCH2CH2-), 32.70 (-CH2CH2Br), 33.89 (-CH2Br), 62.65 (OHCH2-).
1-bromohexanal (2): A solution of 1-bromohexanol 36 g (0.2 mol) in dichloro-
methane (100 mL) was added in one portion to a suspension pyridium chlorochro-
mate 38.82 g (0.18 mol) in dichloromethane (100 mL). After 24 h, the mixture
was diluted with diethyl ether, and filtered. The obtained solution was washed
three times with water, and the solvent was removed on a rotary evaporator.
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The raw product was purified by column chromatography over silica gel using
n-hexane/ethyl acetate (5:1) as the mobile phase. Yield: 31 g, 86.1% of the-
oretical, purity ≥ 99%, by 1H NMR. 1H NMR (400 MHz, CDCl3): δ = 1.32 –
1.51 (m, 4H, CHOCH2CH2CH2CH2CH2Br), 1.82 (m, 2H, -CH2CH2Br), 2,41 (t,
CHOCH2-), 3.35 (t, -CH2Br), 9.70 (t, CHO-).
13C NMR (100 MHz, CDCl3):
21.14 (OHCH2CH2CH2-), 27.66 (-CH2CH2CH2Br), 32.41 (-CH2CH2Br), 33.39,
(-CH2Br), 43.62 (CHOCH2-), 202.21 (CHO-).
1-Bromotetradecane-6-ol (3) was prepared via the reaction between Grignard
reagent hexylmagnesium bromide and 1-bromohexanal. At the first step, in a
100 mL three neck flask equipped with a nitrogen inlet and a cooler, iodine
(1.25 g, 10 mmol) and 4.8 g (0.2 mol) magnesium were dispersed in 3 mL anhy-
drous THF. The resulting mixture was cooled to 0 ◦C, and under intensive stir-
ring, a solution of 1-bromooctane 28.95 g (0.15 mol) in 30 mL anhydrous THF
was added dropwise. Afterwards, the mixture was heated to 30 ◦C with stirring
for 4 h. Then, the rest of magnesium was filtered, and the 1-bromohexanal 26.7 g
(0.15 mol), dissolved in 20 mL anhydrous THF was dropped into the solution of
Grignard reagent hexylmagnesium bromide at 0 ◦C within 30 min. The system
was maintained at this temperature for additional 3 h with vigorous stirring for
the complete reaction. The organic layer was separated with diethyl ether and
then extracted with 10% cold aqueous sodium hydroxide (30 mL×3). The so-
lution was washed with diethyl ether for three times and acidied with 10% cold
aqueous hydrochloric acid and nally extracted with diethyl ether. The ether layer
was washed with deionized water three times to neutrality. The raw product was
obtained via removing the solvent on a rotary evaporator, which was purified by
column chromatography over silica gel, using n-hexane/ethyl acetate (2:1) as the
mobile phase. Yield: 22.5 g of yellowish liquid, 65.1%, purity ≥ 98% by 1H NMR.
1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 3H, CH3-), 1.22 – 1.54 (m, 20H, -CH2-),
1.79 (m, 2H, -CH2CH2Br), 3.34 (t, 2H, -CH2Br), 3.51 (m, 3H, -CH2CHOHCH2-
). 13C NMR (100 MHz, CDCl3): 14.11 (-CH3), 21.14 (CH3CH2-), 24.83, 25.65,
28.21, 29,23, 29,59, 29,70, 31.88 (-CH2-), 32.75 (-CH2CH2Br), 33.84 (-CH2Br),
37.19, 37.57 (-CH2CHOHCH2-), 71.78 (-CH2CHOHCH2-).
1,2,3-Tris(6’-hydroxytetradecyl-1’-oxy)benzene (4): In a 500 mL three-neck
round bottom flask equipped with a nitrogen inlet and a cooler, 0.95 g (7.5 mmol)
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of pyrogallol and 6.6 g (25 mmol) of 1-bromotetradecane-6-ol were dissolved in
150 mL of DMF. To this solution was added 69 g (0.5 mol) anhydrous potassium
carbonate. The mixture was refluxed under a nitrogen atmosphere for 5 h. The
supernatant liquid was separated from the precipitate by hot filtration. After
removal of the solvent from the filtrate using a rotary evaporator at 80 ◦C, the
residue was dissolved in diethyl ether. The solution was washed three times with
dilute hydrochloric acid and three times with deionized water, and dried over
anhydrous sodium sulfate. The solvent was subsequently removed on a rotary
evaporator. The product was purified by column chromatography over silica gel,
using n-hexane/ethyl acetate (6:1) as the mobile phase. Yield 3.35 g (58.6% of
theoretical) of yellowish liquid, purity ≥ 98% by 1H NMR. 1H NMR (400 MHz,
CDCl3): δ= 0.81 (t, 9H, CH3-), 1.20 – 1.74 (m, 66H, -CH2-), 3.39, 3.56 (m, 3H,
-CH2CHOHCH2-), 3.90 (m, 6H, -CH2CH2O-), 6.44 (d, 2H, Haromatic in the 4
and 6 positions), 6.79 (t, 1H, Haromatic in the 5 position).
13C NMR (100 MHz,
CDCl3): 14.11 (-CH3), 22.67 (CH3CH2-), 24.83, 25.65, 28.21, 29,23, 29,59, 29,70,
31.88 (-CH2-), 68.92 (-CH2OPh in the 1 and 3 positions), 71.82 (-CH2OPh in the
2 position), 72.81 (-CH2CHOHCH2-), 106.83 (Caromatic in the 4 and 6 positions),
123.22 (Caromatic in the 5 position), 130.35 (Caromatic in the 2 position), 153.41
(Caromatic in the 1 and 3 positions).
1,2,3-Tris(6’-acryloyltetradecyl-1’-oxy)benzene (5): In a 100 mL three neck
flask equipped with a nitrogen inlet, 2.0 g (2.62 mmol) of compound 4, 1.4 mL
(10.3 mmol) of triethylamine, 41 mg (0.34 mmol) of 4-(dimethylamino)pyridine,
and 8 mg (0.04 mmol) of 2,6-di-tert-butyl-4-methylphenol were dissolved in 15 mL
of dried THF. The resulting solution was cooled to 0 ◦C, and under intensive
stirring, a solution of 1.0 mL (1.03 mmol) acryloyl chloride was added dropwise.
After complete addition, the solution was stirred at ambient temperature for 24 h.
Subsequently, the solution was filtered, and the solvent was removed on a rotary
evaporator. The residue was dissolved in 100 mL of diethyl ether. The solution
was washed three times with a 5 wt% aqueous solution of sodium hydrogen car-
bonate, three times with a dilute HCl solution, and three times with a saturated
solution of NaCl. The product was purified by column chromatography over silica
gel, using n-hexane/ethyl acetate (8/1) as the mobile phase. Yield 0.78 g (32.2%
of theoretical) of yellowish liquid, purity ≥ 99% by 1H NMR. 1H NMR (400 MHz,
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CDCl3): δ= 0.81 (t, 9H, CH3-), 1.21 – 1.74 (m, 66H, -CH2-), 3.34, 3.56 (m, 3H,
-CH2CHOHCH2-), 3.90 (m, 6H, -CH2CH2O-), 5.81 (d, 3H, CH2=CH-), 6.05 (m,
3H, CH2=CH-), 6.36 (d, 3H, CH2=CH-), 6.44 (d, 2H, Haromatic in the 4 and 6
positions), 6.79 (t, 1H, Haromatic in the 5 position).
13C NMR (100 MHz, CDCl3):
14.11 (-CH3), 22.67 (CH3CH2-), 24.83, 25.65, 28.21, 29,23, 29,59, 29,69, 31.88
(-CH2-), 68.92 (-CH2OPh in the 1 and 3 positions), 71.82 (-CH2OPh in the 2
position), 69.67 (-CH2CHOHCH2- ), 106.83 (Caromatic in the 4 and 6 positions),
123.22 (Caromatic in the 5 position), 128.33, 130.22 (CH2=CH-), 130.35 (Caromatic
in the 2 position), 153.41 (Caromatic in the 1 and 3 positions).
Sodium 2,3,4-Tris(6’-acryloyltetradecyl-1’-oxy)benzenesulfonate(6): Under in-
tensive stirring, 1 mL of concentrated sulfuric acid (95 – 97%) was added at room
temperature to a well-stirred solution of 1.0 g (1.19 mmol) of 5 in 10 mL of chlo-
roform. The resulting mixture was stirred for 5 min; afterwards, it was poured
into 100 mL of a saturated solution of NaCl containing 1.0 g of NaOH. The aque-
ous solution was adjusted to pH = 7 and extracted with chloroform (three times
with 50 mL each). After the organic phase had been dried over sodium sulfate,
the solvent was evaporated. The product was purified by gradient column chro-
matography in ethyl acetate/ethanol. First, ethyl acetate was used to wash away
organic impurities; subsequently, the product was washed out using a mixture of
ethyl acetate and ethanol (1:5). Yield 0.83 g (74% of theoretical), waxy mate-
rial, purity ≥ 99% (1H NMR). Elemental analysis for C57H95NaO12S (1026.64 g
mol−1): C, 63.00 wt.-%; H, 9.26 wt.-%. Calcd: C, 66.63 wt.-%; H, 9.32 wt.-%.
1H NMR (400 MHz, CDCl3): δ= 0.81 (t, 9H, CH3-), 1.21 – 1.74 (m, 66H, -CH2-),
3.34, 3.56 (m, 3H, -CH2CHOHCH2-), 3.89 (m, 6H, -CH2CH2O-), 5.81 (d, 3H,
CH2=CH-), 6.05 (m, 3H, CH2=CH-), 6.36 (d, 3H, CH2=CH-), 6.54 (d, 1H,
Haromatic in the 5 positions), 7.56 (d, 1H, Haromatic in the 6 position).
13C NMR
(100 MHz, CDCl3): 14.11 (-CH3), 22.67 (CH3CH2-), 24.83, 25.65, 28.21, 29,23,
29,59, 29,69, 31.88 (-CH2-), 68.92 (-CH2OPh in the 1 and 3 positions), 71.82
(-CH2OPh in the 2 position), 69.66 (-CH2CHOHCH2-), 120.63 (Caromatic in the
6 positions), 122.22 (Caromatic in the 5 position), 128.33, 130.22 (CH2=CH-),
130.35 (Caromatic in the 2 position), 153.41 (Caromatic in the 1 and 3 positions).
2,3,4-Tris(6’-acryloyltetradecyl-1’-oxy)benzenesulfonic acid (TATDBSA) and
the complexes of TATDBSA and P4VP (P4VP/(TATDBSA)1.0): Sodium 2,3,4-
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Tris(6’-acryloyltetradecyl-1’-oxy)benzenesulfonate (0.1 g, 0.10 mmol) was dissolved
in 10 mL of dried diisopropyl ether. The resulting solution was shaken overnight
with 1 g of ion-exchange resin amberlyst 15. Then, the ion-exchange resin was
filtered off, and the solvent was added in a well-stirred P4VP solution (10.2 mg,
0.10 mmol of pyridine units) in chloroform. The solution was stirred for addi-
tional 3h. The solvent was removed and the product was dried in vacuum at
40 ◦C. Yield: 0.1 g (91% of theoretical) waxy materials, ≥ 99% (1H NMR).
Polymerization of complexes P4VP/(TATDBSA)1.0 in solution. A solution
(3 mg/ml) of the complexes in n-hexane with 0.5% 2,2-dimethoxy-2-phenylaceto
phenone (photoinitiator) was irradiated for 30 min under an 12W UV lamp at
366 nm placed at a distance of 1 cm from the samples at room temperature.
Precipitates appeared in the bottom of the bottle after polymerization. Removing
the solvent, the white powder was obtained.
10.2.3 Techniques
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a Bruker
DPS 300 spectrometer, using tetramethylsilane (TMS) as an internal standard.
CDCl3 and DMSO-d6 were used as solvent. The concentration of the solution is
15–30 mg/mL.
Scanning Force Microscopy (SFM) was performed with a Nanoscope III from
Digital Instruments operating in the tapping mode at a resonance frequency of f
≈ 320 kHz and using Si probes (NCH-W from Silicon SPN-sensors) with a spring
constant of 42 N/cm. The typical tip radius was less than 7 nm. The wedge
shaped sulfonate sodium salt as well as the corresponding complexes for the SFM
experiments were prepared by spin coating the high dilute chloroform solutions
(0.005 mg/ml) at a speed of 2000 rpm onto the highly ordered pyrolitic graphite
(HOPG) substrates.
10.3 Results and discussion
The synthesis of TATDBSA and its complexes P4VP/(TATDBSA)DN was carried
out as depicted in Figure 10.1. 1,6-Hexanediol was mono-brominated with hy-
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Figure 10.1: The synthesis of the wedge shaped sulfonic acid and the correspond-
ing complex with P4VP. Reaction conditions: (i) hydrobromic acid, toluene, reflux
24 h; (ii) pyridium chlorochromate, DCM, 0 ◦C to r.t. 24 h; (iii) Grignard reagent
hexylmagnesium bromide, THF, 0 ◦C to r.t. 5 h, HCl, 1 h; (iv) DMF, 120 ◦C 24 h;
(v) acryloyl chloride, dichloromethane, 5 h, r.t.; (vi) H2SO4, CHCl3, 35
◦C, 15 min;
(vii) ion exchange resin, diisopropyl ether, over night; (viii) poly(4-vinylpyridine),
chloroform, r.t. 3 h.
drobromic acid to obtain 1-bromohexanol (1), which was subsequently oxidized
to 1-bromohexanal (2) by pyridinium chlorochromate. 1-Bromotetradecan-6-ol
(3) was prepared via the reaction between a Grignard reagent hexylmagnesium
bromide and 1-bromohexanal. Pyrogallol was alkylated with compound 3 in
DMF in the presence of anhydrous potassium carbonate to yield 1,2,3-tris(6’-
hydroxytetradecyl-1’-oxy)benzene (4) under reflux conditions. Compound 4 was
subsequently reacted with acryloyl chloride to yield 5. The sulfonation of com-
pound 5 was performed under mild reaction conditions to avoid damage of the
acryloyl groups. Concentrated sulfuric acid was added to a stirred solution of 5
in chloroform at room temperature, and stirred at 35 ◦C for 15 min. The prod-
uct was neutralized to sodium sulfonate 6 using an aqueous sodium hydroxide
173
10 Polymerization of Acryloyl-Containing Complexes
solution. The compound 6 was purified by columnar chromatography, and it can
be qualitatively transformed into the corresponding sulfonic acid TATDBSA by
shaking the diisopropyl ether solution of 6 with amberlyst 15 in its acid form.
The polymer complexes were prepared by mixing the diisopropylether solution of
the acid with a certain amount of P4VP dissolved in chloroform and subsequently
evaporating the solvent. At ambient temperature, the complexes of TATDBSA
with P4VP are wax-like materials. All intermediate and final products were
characterized by means of 1H and 13C NMR spectroscopies, and their purity was
proved by elemental analysis.
Highly ordered pyrolytic graphite (HOPG) was employed for these salts as the
substrate, because the wedge-shaped molecules and their polymer complexes can
be strongly adsorbed on the surface due to the epitaxial interaction of the alkyl
chains with the graphite lattice, allowing a successful visualization. [7–10] It was
shown previously that P4VP formed on the HOPG substrate flat and featureless
aggregates with a thickness of 1.2± 0.2 nm. Due to the hydrophilic P4VP is not
compatible with the hydrophobic HOPG substrate the single polymer backbones
can not be resolved by SFM (Figure 10.2(a)).
(a) (b)
Figure 10.2: SFM topography images of P4VP (a) and the sodium salt of
TATDBSA (b) monolayers on HOPG. The scan size is 500×500 nm2 for (a) and
1×1µm2 for (b).
The thin film of the sodium salt of TATDBSA on graphite was studied as a ref-
erence by SFM. It can be seen in the SFM image 10.2(b) that these molecules ad-
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sorb on the HOPG surface forming a flat monolayer with a height of 0.5± 0.1 nm,
and a well-defined structure as well as epitaxial adsorption cannot be observed,
most probably due to the branched alkyl tails.
(a) (b)
Figure 10.3: SFM images of non-polymeried complexes P4VP444/(TATDBSA)1.0
(a) and P4VP49/(TATDBSA)1.0 (b). The scan size is 1×1µm2.
P4VP of two different molecular weights, namely P4VP49 and P4VP444, where
the subscript corresponds to the average degree of polymerization, were used to
prepare the complexes. The polymerizability of the complexes decreases with
the increase of DN, probably because of less screening effect at low DN val-
ues. Furthermore, as shown by light scattering experiments, the Kuhn length
increases with the increase of DN. In this work the polymerization was per-
formed only for the fully neutralized complexes, i.e. P4VP49/(TATDBSA)1.0 and
P4VP444/(TATDBSA)1.0. SFM was applied to address the morphology of the
complexes. The ultrathin films of the complexes were deposited onto the HOPG
substrate by spin-casting from chloroform solution with a low concentration of
0.005 mg/mL. Figure 10.3(a) depicts a topographical SFM image of the complex
P4VP444/(TATDBSA)1.0, which forms clearly supramolecular cylinders. The di-
ameter of the cylinders was estimated to be 4.1± 0.4 nm, which is close to the
double length of the ligand molecule. The cylinders adopt a coil-like conforma-
tion, due to the fact that the contour length of the complex macromolecule is
much higher than its Kuhn length. The small white dots in the SFM image can
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be attributed to the chain overlapping or chain loops. The SFM image of the
P4VP49/(TATDBSA)1.0 complex is shown in Figure 10.3(b). It can be seen that
this complex forms short rods, since its length is close to the Kuhn length of the
complex.
The complexes P4VP444/(TATDBSA)1.0 were photopolymerized in n-hexane
solutions, since it can be expected that the ligand exchange between the com-
plexes that may lead to the intercomplex cross-linking is less pronounced in non-
polar solvents than in polar ones. After polymerization, a white precipitate was
obtained. It is worth noticing that when the concentration of the complex is less
than 5 mg/ml, the polymerized complexes can be dissolved in chloroform, and
when the concentration exceeds 5 mg/ml, the polymerization leads to the forma-
tion of a completely insoluble material. The polymerization of the complex in
the solution is a competition between intracomplex and intercomplex reactions.
Obviously, the probability of the intercomplex polymerization increases with the
increase of the concentration, and when it proceeds to certain extent, the complex
becomes insoluble.
(b)(a)
Figure 10.4: SFM images of polymeried complexes P4VP444/(TATDBSA)1.0 (a)
and P4VP49/(TATDBSA)1.0 (b). The scan size is 1×1µm2.
The structure of the polymerized complexes, which were obtained by pho-
topolymerization in the 3 wt.-% n-hexane solution, was also characterized by
SFM. The ultrathin films of the polymerized complexes were deposited by spin-
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coating the chloroform solution (0.005 mg/mL) onto the HOPG substrate. The
SFM images of the polymerized complexes (Figure 10.4) illustrate a complete
different morphology from the non-polymerized ones. It seems that the poly-
mer coils in the solution were fixed by the polymerization of the ligands, and
they can no more be spread on the substrate. As can be expected, the polymer-
ized complex clusters of P4VP444/(TATDBSA)1.0 are bigger than the ones from
P4VP49/(TATDBSA)1.0. However, their size is much larger than the theoretically
calculated coil size of P4VP49 and P4VP444, indicating that not only intracomplex
but also intercomplex polymerization takes place, although the acrylate groups
are shelled by alkyl groups. To prevent completely the intercomplex reaction
the concentration of the complex should be further decreased. Another way to
achieve this could be to introduce groups that may undergo topochemical reaction
in the solution, e.g. cinnamoyl groups.
10.4 Conclusion
A wedge-shaped sulfonic acid molecule containing shelled acryloyl groups, namely
2,3,4-tris(6’-acryloyltetradecyl-1’-oxy)benzenesulfonic acid and its stoichiometric
complexes with poly(4-vinylpyridine) of different molecular weights were suc-
cessfully synthesized. Further efforts including low concentration and non-polar
solvent were made to prevent intercomplex cross-linking. The complexes pho-
topolymerized in n-hexane were precipitated from the solution, and they can
be dissolved in chloroform when the concentration for the polymerization is low
enough. The structure of the complexes before and after photopolymerization
deposited on HOPG was studied by SFM. The complex with the contour length
that is close to the Kuhn length forms short rods, and a coil-like conformation is
observed when the length of the complex exceeds significantly the Kuhn length.
According to SFM data, the polymer coils in the solution are fixed by the poly-
merization of the ligands, and they can no more be spread on the substrate.
However, the size of the polymerized complex clusters is much larger than the
theoretically calculated coil size of poly(4-vinylpyridine), indicating that not only
intracomplex but also intercomplex polymerization takes place.
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